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TO

THE REV. W. EUTTEU DAWES, E.U.A.S.

&c. &c. &c.

My dear Mb. Dawes,

In availing myself of your permission to

dedicate to you an Edition of these Outlines, enriched

by accounts of several of your own recent discoveries,

I should ill acquit myself to my own feelings if I did

not add to the expression of that grateful sense of

your many and important services to our common

Science, which every astronomer must acknowledge,

that of affectionate esteem and regard, the natural

result of a prolonged and most friendly intercourse.

Believe me.

Very truly yours,

J. F. W. Hekschel.

Cp-iitgwood, Feb. 15. 1858.





PREFACE
«o

THE FIRST EDITION.

The work here offered to the Public is based upon

and may be considered as an extension, and, it is

hoped, an improvement of a treatise on the same

subject, forming Part 43. of the Cabinet Cycloprodia,

published in the year 1833. Its object and general

character are sufficiently stated in the introductory

chapter of that volume, here reprinted with little

alteration ; but an o) i»ortunity having been afforded

me by the Proprietors, preparatory to its re-appear-

ance in a form of more pretension. I have gladly

availed myself of it, not only to correct some errors

which, to my regret, subsisted in the former volume,

but to remodel it altogether (though in complete

accordance with its original design as a work of ex-

planation) ; to introduce much new matter in the

earlier portions of it ; to re-write, upon a far more

matured and comprehensive plan, the part relating

to the lunar and planetary perturbations, and to
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bring the subjects of sidereal and nebular astronomy

to the level of the present state of our knowledge in

those departments.

The chief novelty in the volume, as it now stands,

will be found in the manner in which the subject of

Perturbations is treated. It is not— it cannot be

made elementary^ in the sense in v/hich that word is

understood in these days of light reading. The chap-

ters devoted to it must, therefore, be considered as

addressed to a class of readers in possession of some-

what more mathematical knowledge than those who

will find the rest of the work readily and easily ac-

cessible ; to readers desirous of preparing themselves,

by the possession of a sort of carte du pays, for a

campaign in the most difficult, but at the same time

the most attractive and the most remunerative of all

the applications of modem geometry. More espe-

cially they may be considered as addressed to students

in that university, where the "Principia" of Newton

is not, nor ever will be, put aside as an obsolete

book, behind the age ; and where the grand though

rude outlines of the lunar theory, as delivered in the

eleventh section of that immortal work, are studied

less for the sake of the theory itself, than for the

spirit of far-reaching thought, superior to and dis-

encumbered of technical aids, which distinguishco

that beyoiid any other production of the human in-

tellect.

In delivering a rational as distinguished from a

technical exposition of this subject, however, the

course pursued by Newton in the section of the

"Principia" alluded to, has by no means been servilely
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followed. As regards the perturbations of the nodes

and inclinations, indeed, nothing equally luminous

can ever be substituted for his explanation. But as

respects the other disturbances, the point of view

chosen by Newton has been abandoned for another,

which it is sonicwhat difficult to perceive why he did

not, himself, select. By a different resolution of the

disturbing forces from that adopted by him, and by

the aid of a few obvious conclusions from the laws

of elliptic motion which would have found their

place, natura' and consecutively, as corollaries of

the seventeenth proposition of his first book (a pro-

position which seems almost to have been prepared

with a special view to this application), the moment-

ary change of place of the upper focus of the dis-

turbed ellipse is brought distinctly under inspection
;

and a clearness of conception introduced into the

perturbations of the excentricities, perihelia, and

epochs which the author does not think it presump-

tion to believe can be obtained by no other method,

and which certainly is not obtained by that from

which it is a departure. It would be out of keeping

with the rest of the work to have introduced into

this part of it any algebraic investigations ; else it

would have been easy to show that the mode of pro-

cedure here followed leads direct, and by steps (for

the subject) of the most elementary character, to the

general formulae for these perturbations, delivered

by Laplace in the M^canique Celeste.*

. The reader will find one class of the lunar and

planetary inequalities handled in a very diflferent

* Li(vre ii. chap. viii. art. 67.
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manner from that in which their explanation is usu-

ally presented. It comprehends those which are

characterized as incident on the epoch, the principal

among them being the annual and secular equations

of the moon, and that very delicate and obscure part

of the perturbational theory (so little satisfactory in

the manner in which it emerges from the analytical

treatment of the subject), the constant or permanent

effect of the disturbing force in altering the disturbed

orbit. I will venture to hope that what is here

stated will tend to remove some rather generally

diffused misapprehensions as to the true bearings of

Newton's explanation of the annual equation.*

If proof were wanted of the inexhaustible fertility

of astronomical science in points of novelty and in-

terest, it would suffice to adduce the addition to the

list of members of our system of no less than eight

new planets and satellites during the preparation of

these sheets for the press. Among them is one

whose discovery must ever be regarded as one of the

noblest triumphs of theory. In the account here

given of this discovery, I trust to have expressed

myself with complete impartiality ; and in the ex-

position of the perturbative action on Uranus, by

which the existence and situation of the disturbing

planet became revealed to us, I have endeavoured,

in pursuance of the general plan of this work, rather

to exhibit a rational view of the dynamical action,

than to convey the slightest idea of the conduct of

those masterpieces of analytical skill which the re-

searches of Messrs. Leverrier and Adams exhibit.

* Principia, lib. i. prop. 66. cor. 6,
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To the latter of these eminent geometers, as well

as to my excellent and esteemed friend the Astro-

nomer Royal, I have to return my best thanks for

communications which would have effectually re-

lieved some doubts I at one period entertained had

I not succeeded in the interim in getting clear of

them as to the compatibility of my views on the

subject of the annual equation already alluded to,

with the tenor of Ne^vton's account of it. To my
valued friend, Professor De Morgan, I am indebted

for some most ingenious suggestions on the subject

of the mistakes committed in the early working of

the Julian reformation of the calendar, of which I

should have availed myself, had it not appeared pre-

ferable, on mature consideration, to present the sub-

ject in its simplest form, avoiding altogether entering

into minutiaB of chronological discussion.

J. F. W. Herschbl.

CoUingwood, April 12. 1849.
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THE FIFTH EDITION.

The rapid progress of science renders it necessary

frequently to revise and bring up elementary works

to the existing state of knowledge, under penalty of

their becoming obsolete. In former editions of this

work, this has been done, so far as it could be done

without incurring the necessity of an almost total

typographical reconstruction. But Astronomy, with-

in the last few years, has been enriched by so many

and such considerable additions, that it has been

considered preferable (another edition being called

for), not indeed to recast the general plan of the

work, but to incorporate these in it in due order and

sequence, thereby materially enlarging the volume,

and giving it in many respects the air of a new work.

The articles thus introduced are distinguished from

those of the former editions between which they have

been inserted by the addition to the last current

number of an italic letter— thus, between Arts.
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394. and 395. will be found mserted 394. a, 394. ft,

and 394. c The enclosure of any passage in brackets

[ ] indicates its having been introduced in the Fourth

Edition. The index references in this as in former

editions, being to the articles and not to the pages,

are thus preserved. Together with these recent ac-

cessions to our knowledge, I have taken the oppor-

tunity of introducing several things which might

justly have been noted as deficient in the former

editions, — as, for instance, the account of the me-

thods by which the mass of the Earth has been de-

termined, and that of the successful treatment, and

it is presumed final subjugation, of those rebellious

ancient Solar Eclipses which have so much harassed

astronomers. A brief account of M. Foucault's re-

markable pendulum experiments, and of that beau-

tiful instrument, the gjrroscope, ia introduced: as are

also notices of Professor Thomson's speculations on

the origin of the Sun's heat, and his estimate of its

average expenditure, as well as of some curious views

of M. Jean Reynaud *, on the secular variation of

our climates, supplementary to those put forward in

former editions of this work. I could have wished

that its nature and limits would have permitted some
account of Mr. Cooper's magnificent contributions to

sidereal astronomy, in his catalogue of upwards of

60,000 previously unregistered ecliptic stars ; of Mr.

Bishop's ecliptic charts and those of M. Chacornac;

of Mr. Carrington's elaborate circumpolar catalogue
j

and of Mr. Jones's immense work on the zodiacal

light, forming the third volume of the account of the

* Misprinted Regnault in p. 2S5.
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United States' Japan Expedition, which reached me

too late to allow of drawing up a fitting analysis of

his results. These gentlemen will severally please to

accept, however, this respectful tribute of my ad-

miration for their important labours. Some new

speculations are also hazarded; as, for instance, on

the subject of the Moon's habitability, the cause of

the acceleration of Encke's comet, &c., and a few

numerical errors are corrected which have hitherto

escaped notice and public comment as blemishes,—as

for example, in some of the numbers in Art. 422. in

the explanation of the phsenomena of a lunar eclipse,

in the evaluation of the total mass of the atmosphere.

Art. 242., and in the distance of the Moon, Art. 401.

(for which, however, I am not answerable).

In the numerical statement of special astronomical

elements, it is unavoidable that slightly different

values of the same quantity should from time to time

come to be substituted for those before received, as

its determination acquires additional exactness. To

have altered the figures in such cases wherever they

occur, throughout the letter-press, would have en-

tailed a great probability of error and confusion ; and,

as the Synoptic Tables of astronomical elements at

the end of the work have been carefully revised in

conformity with the best current authorities, the

reader is requested, whenever he may observe any

discrepancy of this nature, to prefer the tabulated

values.

Several of the wood-cuts, which were originally

drawn correctly, have been inverted right hand for

left by the engraver. So far as explanation goes,



lich reached me

:,ting analysis of

vcrally please to

bute of my ad-

irs. Some new

for instance, on

ty, the cause of

&c., and a few

eh have hitherto

as blemishes,—as

rs in Art. 422. in

)f a lunar eclipse,

f the atmosphere,

! Moon, Art. 401.

erable).

2cial astronomical

slightly different

from time to time

efore received, as

il exactness. To

ses wherever they

,
would have en-

id confusion; and,

•mical elements at

irefully revised in

t authorities, the

may observe any

efer the tabulated

TUi; FIFTH EDITION. XV

this is not of the slightest moment. To a reader in

the Southern Hemisphere, they are right as they
stand

; and one in the Northern has only to iniugine

himself so situated.

John F. W. Herschel

Collingwood, Feb. 17. 186«.
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(1.) Evert student who enters upon a scientific pursuit,
especially if at a somewhat advanced period of life, will find
not only that he has much to learn, but much also to un-
learn. Familiar objects and events are far from presenting
themselves to our senses in that aspect and with those con-
nections under which science requires them to be viewed, and
which constitute their rational explanation. There is, there-
fore, every reason to expect that those objects and relations
which, taken together, constitute the subject he is about to
enter upon will have been previously apprehended by him,
at least imperfectly, because much has hitherto escaped his
notice which is essential to its right understanding : and not
only 80, but too often also erroneously, owing to mistaken
analogies, and the general prevalence of vulgar errors. As a
first preparation, therefore, for the course he is about to
commence, he must loosen his hold on all crude and hastily
adopted notions, and must Btrenii,i;hen himself, by something
of an effort and a resolve, for the unprejudiced admission of
any conclusion which shall appear to be supported by careful
observation and logical argument, even should it p.ove of a
nature adverse to notions he may have previously formed for
himself, or taken up, without examination, on the credit of

M i «i«n«W<*UI|l ,
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Others. Such an effort is, in fact, a commencement of that

intellectual discipline which forms one of the most important

ends of all science. It is the first movement of approach

towards that state of mental purity which alone can fit us for

a full and steady perception of moral beauty as well as physi-

cal adaptation. It is the "euplu^sy and. rue" with which

we must "purge our sight" before we can receive and con-

template ns they are the lineaments of truth and nature.

(2.) There is no science which, more than astronomy,

stands in need of such a preparation, or draws more largely

on that intellectual liberality which is ready to adopt what-

ever is demonstrated, or concede whatever is rendered highly

probable, however new and uncommon the points of view

may be in which objects the most familiar may thereby be-

come placed. Almost all its conclusions stand in open and

striking contradiction with those of superficial and vulgar

observation, and with what appears to every one, until he

has understood and weighed the proofs to the contrary, the

most positive evidence of his senses. Thus, the earth on

which he stands, and which has served for ages as the un-

shaken foundation of the firmest structures, either of art or

nature, is divested by the astronomer of its attribute of fixity,

and conceived by him as turning swiftly on its centre, and

at the same time moving onwards through space with great

rapidity. The sun and the moon, which appear to untaught

eyes round bodies of no very considerable size, become en-

larged in his imagination into vast globes,— the one ap-

proaching in magnitude to the earth itself, the other im-

mensely surpassing it. The planets, which appear only as

stars somewhat brighter than the rest, are to him spacious,

elaborate, and habitable worlds ; several ' ot them much

greater and far more curiously furnished than the earth he

inhabits, as there are also others less so ; and the stars them-

selves, properly so called, which to ordinary apprehension

present only lucid sparks or brilliant atoms, are to him suns

of various and transcendent glory— effulgent centres of life

and light to myriads of unseen worlds. So that when, after

dilating his thoughts to comprehend the grandeur of those

ŜSiMm :!m.tm
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ideas his calculations have called up, and exhausting his ima-
gination and the powers of his language to devise similes and
metaphors illustrative of the immensity of the scale on which
his universe is constructed, he shrinks back to his native

sphere, he finds it, in comparison, a mere point ; so lost

—

even in the minute system to which it belongs— as to be in-

visible and unsuspected from some of its principal and remoter
members.

(3.) There is hardly any thing which sets in a stronger

liglit the inherent power of truth over the mind of man,
when opposed by no motives of interest or passion, than the

perfect readiness with which all these conclusions are assented

to jis soon as their evidence is clearly apprehended, and the

tenacious hold they acquire over our belief when once ad-

mitted. In the conduct, therefore, of this volume, I shall

take it for granted that the reader is more desirous to learn

the system which it is its object to teach, as it now stands,

than to raise or revive objections against it ; and that, in

short, he comes to the task with a willing mind ; an assump-
tion which will not only save the trouble of piling argument
on argument to convince the sceptical, but will greatly

facilitate his actual progress ; inasmuch as he will find it at

once easier and more satisfactory to pursue from the outset

a straight and definite path, than to be constantly stepping

aside, involving himself in perplexities and circuits, which,

after all, can only terminate in finding himself compelled to

adopt the same road.

(4.) The method, therefore, we propose to follow in this

work is neither strictly the analytic nor the synthetic, but

rather such a combination of both, with a leaning to the

latter, as may best suit with a didactic composition. Its

object is not to convince or refute opponents, nor to inquire,

under the semblance of an assumed ignorance, for principles

of which we are all the time in full possession— but simply

to teach what is known. The moderate limit of a single

volume, to which it will be confined, and the necessity of

being on every point, within that limit, rather diffuse and
copious in explanation, as well as the eminently matured and

B e
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ascertained character of the science itself, render this course

both practicable and eligible. Practicable, because there is

now no danger of any revolution in astronomy, like those

which are daily changing the features of the less advanced

sciences, supervening, to destroy aU our hypotheses, and

throw our statements into confusion. Eligible, because the

Bpace to be bestowed, either in combating refuted systems, or

in leading the reader forward by slow and measured steps

from the known to the unknown, may be more advantageously

devoted to such explanatory illustrations as will miprcss

on him a familiar and, as it were, a practical sense of the

sequence of phenomena, and the manner in which they are

produced. We shall not, then, reject the analytic course

where it leads more easily and directly to our objects, or in

any way fetter ourselves by a rigid adherence to method.

Writing only to bo understood, and to communicate as much

information in as little space as possible, consistently with its

distinct and effectual comrannication, no sacrifice can be

aiforded to system, to form, or to affectation.

(5.) We shaU take for granted, from the outset, the Coper-

nican system of the world; relying on the easy, obvious, and

natural explanation it affords of all the phenomena as they

come to be described, to impress the student with a sense of

its truth, without either the formality of demonstration or

the superfluous tedium of eulogy, calling to mind that im-

portant remark of Bacon :—" Theoriarum vires, arcta et

quasi se mutuo sustinente partium adaptatione, quA quasi m
orbem cohterent, firmantur* ;" not failing, however, to point

out to the reader, as occasion offers, the contrast which its

superior simplicity offers to the complication of other hypo-

theses.

(6.) The preliminary knowledge which it is desirable that

the student should possess, in order for the more advantageous

perusal of the following pages, consists in the familiar prac-

• « The confirmation of theories relics on tiie compact adaptation of their

parts, by which, lilce those of an arch or dome, they mutually sustain each other,

knd form a coherent whole." This is what Dr. Whewell expressively terms the

coiMtViencc of inductions.
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tice of decimal and sexagesimal arithmetic ; some moderate

acquaintance with geometry and trigonometry, both plane

aud spherical ; the elementary principles of mechanics ; and

enough of optics to understand the construction and use of

the telescope, and some other of the sinipler instruments.

Of course, the more of such knowledge he brings to the

perusal, the easier will be his progress, and the more com-

j)lute the information gained; but we shall endeavour in

every case, as far as it can be done without a sacrifice of

clearness, and of that useful brevity which consists in the

absence of prolixity and episode, to render what we have to

say as independent of other books as possible.

(7.) After all, I must distinctly caution such of my
readers a« may commence and terminate their astronomical

studies with the present work (though of such, — at least in

the latter predicament,— I trust the number will be few),

that its utmost pretension is to place them on the threshold

of this particular wing of the temple of Science, or rather on

an eminence exterior to it, whence they may obtain something

like a general notion of its structure ; or, at most, to give

those who may wish to enter a ground-plan of its accesses,

and put them in possession of the pass-word. Admission to

its sanctuary, and to the privileges and feelings of a votary, is

only to be gained by one means,— sound and sufficient knmo-

ledge of mathematics, the great instrument of all exact inquiry,

without tohich no man can ever make such advances in this or

any other of the higher departments of science as can entitle

him toform an independent opinion on any subject of discussion

within their range. It is not without an effort that those who

possess this knowledge can communicate on such subjects

with those who do not, and adapt their language and their

illustrations to the necessities of such an intercourse. Pro-

positions which to the one are almost identical, are theorems

of import and difficulty to the other ; nor is their evidence

presented in the same way to the mind of each. In teaching

such propositions, under such circumstances, the appeal has

to be made, not to the pure and abstract reason, but to the

sense of analogy— to practice and experience : principles and

b3
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modes of action have to be established not by direct argument

from acknowledged axioms, but by continually recurring to the

Bources from which the axioms themselves have been drawn

;

viz. examples ; that is to say, by bringing forward and dwelling

on simple and familiar instances in which the same principles

and the same or similar modes of action take place: thus

erecting, as it were, in each particular case, a separate induc-

tion, and constructing at each step a little body of science to

meet its exigencies. The difference is that of pioneering a

road through an untraverscd country and advancing at ease

along a broad and beaten highway ; that is to say, if we are

determined to make ourselves distinctly understood, and will

appeal to reason at all. As for the method of assertion, or a

direct demand on the faith of the student (though in some

complex cases indispensable, where illustrative explanation

would defeat its own end by becoming tedious and burdensome

to both parties), it is one which I shall neither willingly adopt

nor would recommend to others.

(8.) On the other hand, although it is something new to

abandon the road of mathematical demonstration in the treat-

ment of subjects susceptible of it, and to teach any consider-

able branch of science entirely or chiefly by the way of il-

lustration and familiar parallels, it is yet not impossible that

those who are aheady well acquainted with our subject, and

whose knowledge has been acquired by that confessedly higher

practice which is incompatible with the avowed objects of the

present work, may yet find their account in its perusal,—for

this reason, that it is always of advantage to present any given

body of knowledge to the mind in as great a variety of dif-

ferent lights as possible. It is a property of illustrations of

this kind to strike no two minds in the same manner, or with

the same force; because no two minds are stored with the

same images, or have acquired their notions of them by

similar habits. Accordingly, it may very well happen, that a

proposition, even to one best acquainted with it, may be

placed not merely in a new and uncommon, but in a more

impressive and satisfactory light by such a course— some

obscurity may be dissipated, some inward misgivings cleared

^L.
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up, or even some links supplied which may lead to the per-

ception of connections and deductions altogether unknown

before. And the probability of this is increased when, as in

the present instance, the illustrations chosen have not been

studiously selected from books, but are such as have presented

themselves freely to the author's mind as being most in

harmony with his own views ; by which, of course, he means

to lay no claim to originality in all or any of them beyond

what they may really possess.

(9.) Besides, there are cases in the application of mecha-

nical principles with which the mathematical student is but

too familiar, where, when the data are before him, and the

numerical and geometrical relations of his problems all clear

to his conception,— when his forces are estimated and his

lines measured,— nay, when even he has followed up the

application of his technical processes, and fairly arrived at his

conclusion,— there is still something wanting in his mind—
not in the evidence, for he has examined each link, and finds

the chain complete— not in the principles, for those he well

knows are too firmly established to be shaken— but precisely

in the mode of action. He has followed out a train of rea-

soning by logical and technical rules, but the signs he has

employed are not pictures of nature, or have lost their ori-

ginal meaning as such to his mind : he has not seen, as It

were, the process of nature passing under his eye in an in-

stant of time, and presented as a consecutive whole to his

imagination. A familiar parallel, or an illustration drawn

from some artificial or natural process, of which he has that

direct and individual impression which gives it a reality and

associates it with a name, will, in almost every such case,

supply in a moment this deficient feature, will convert all his

symbols into real pictures, and infuse an animated meaning

into what was before a lifeless succession of words and signs.

I cannot, indeed, always promise myself to attain this

degree of vividness of illustration, nor are the points to

be elucidated themselves always capable of being so para-

phrased (if I may use the expression) by any single in-

B 4



g Oirri-INKS OF ASTKONOMY.

etance adduciblo in the ordinary course of experience; but

the object will at least be kept in view ;
and, as I am very

conscious of having, in making such attempts, gamed for

nwself n,ueh clearer views of several of the more concealed

effects of planetary perturbation than I had acquired by

their mathematical investigation in detail, it may reasonably

be hoped that the endeavour wiU not always be unattended

with a similar succ^as in others.

(10 ) From whii has been said, it will be evident that our

aim is not to ofter to the public a technical treatise, in wh.cli

the student of practical or theoretical astronomy shall find

consigned the minute description of methods of observation,

or the formulas he requires prepared to l.is hand, or their de-

monstrations drawn out in detail Ii. ill these the present

work will be found meagre, and quite I.-.l-^quate to his wants.

Its aim is entirely different ; being to present to him in eacJi

case the mere ultimate radonale of facte, arguments, and

processes; and, in all cases of mathematical application,

avoiding whatever would tend to encumber its pages with

al-ebraFc or geometrical symbols, to place under his inspec-

tion that central thread of common sense on which the pearls

of analytical research i ;•«. invariably strung ;
but which, by

the attention the la.ter claim for thcn^selves, is often con-

ccalcd from the eye of the gazer, and not always disposed m

the strai-rhtest and most convenient form to follow by those

who string them. This is no fault of those who have con-

ducted the inquiries to which we allude. The contention of

mind for which they call is enormous ; and it may, perhaps,

be owing to their experience of how little can be accomplished

in carryin^r such processes on to their conclusion, by mere

ordinary clearness of head; and how necessary it often is to

pay more attention to the purely mathematical conditions

which ensure success, -the hooks-and-eyes of theu: equa-

tions and series,- than to those which enchain causes with

their effects, and both with the human reason,- that we

must attribute something of that indistinctness of view which

is often complained of as a grievance by the earnest student,

and still more commonly ascribed ironically to the native
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cloudiness of an atmosphere too sublime for vulgar compre-

hension. Wo think we shall render good service to both

classes of readers, by dissipating, so far as lies in our power,

that accidental obscurity, and by showing ordinary untutored

comprehension clearly what it can, and what it cannot, hope

to attain.

(10 a.) To conclude: "Rome was not built in a day."

No grand practical result of human industry, genius, or me-

ditation, has sprung forth entire and complete from the master

hand or mind of an individual designer working straight to

its object, and foreseeing and providing for all details. As

in the building of a great city, so in every such product, its

historian has to record rude beginnings, circuitous and in-

adequate plans ; frequent demolition, renewal and rectifica-

tion ; the perpetual removal of much cumbrous and unsightly

material and scaffolding, and constant opening out of wider

and grander conceptions ; till at length a unity and a nobility

is attained, little dreamed of in the imagination of the first

projector.

(10 ft.) The same is equally true of every great body of

knowledge, and would be found signally exemplified in the

history of astronomy, did the object of this work allow us to

devote a portion of it to its relation. What concerns us

more is, that the same remark is no less applicable to the

process by which knovledge is built up in the mind of each

individual, and by which alone it can attain any extensive

development or any grand proportions. No man can rise

from ignorance to anything deserving to be called a complete

grasp of any considerable branch of science without receiving

and discarding in succession many crude and incomplete

notions, which so far from injuring the truth in its ulti-

mate reception, net as positive aids to its attainment by

acquainting him with the symptoms of an insecure footing

in his progress. To reach from the plain the loftiest sum-

mits of an Alpine country, many inferior eminences have to

be scaled and relinquished ; but the labour is not lost. The

region is unfolded in its closer recesses, and the grand pano-

rama which opens from aloft is all the better understood and
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tlio more enjoyed for the very inisconccptionB in detail which

it rectities and explains.

(10 c.) Astronomy is very peculiarly in this predicament.

Its study to each individual student is a continual i)roce88 of

rectification and correction— of abandoning one point of

view for another higher and better— of temporary and occa-

sional reception of even jwsitive and admitted errors for the

convenience they afford towards giving clear notions of im-

portant truths whoso essence they do not affect, by sparing

him that contention of mind wliich fatigues and distresses.

We know, for example, that the earth's diurnal motion is

real, and that of the heavens only apparent ;
yet there are

many problems in astronomy which are not only easier con-

ceived, but more simply resolved by adopting the idea of a

diurnal rotation of the heavens, it being understood once for

all tJiat appearances are alike in both suppositions.

mill

.
agBa»wiiis>».'>—



r.

ns in detail which

this predicament,

ntinual process of

ling one point of

mpornry and occa-

ted errors for tlio

Bar notions of im-

affcct, by sparing

les and distresses.

diurnal motion is

nt; yet there arc

3t only easier con-

ting the idea of a

inderstood once for

)08iti0U8.

aENERAL KOTION8. 11

CHAPTER L

OBNKRAr, NOTIONS. APPAUENT AND REAL MOTIONS.— SflAPK AMD

8IZK or THE KARTil. — THE HORIZON AND ITS DIP. THE AT-

MOHPIIERE. — RKERAOTION. — TWILIGHT. — APPEARANCES RE-

BUI-TINO FROM DIURNAL MOTION — FROM CHANGE OF STATION

IN GENERAL.— PARALLACTIC MOTIONS.— TERRESTRIAL PVRAL-

I,AX. THAT OP THE STARS INSENSIBLE FIRST STEP TO-

WARDS FORMING AN IDEA OF THE DISTANCE OP TUB STARS.

—

COPEUNICAN VIEW OP THE EARTil's MOTION. BELATIVr

MOTION. — MOTIONS PARTLY REAL, PARTLY APPARENT. GEO-

CENTRIC ASTRONOMY, OR IDEAL REFERKNCE OF PHENOMENA

TO TUE EABTH's CENTRE AS A COMMON CONVENTIONAl.

STATION.

(11.) The magnitudes, distances, arrangement, and motions

of the great bodies which make up the visible univerr<o, their

constitution and physical condition, so far as thoy can bo

known to ua, with their mutual influences and actions on each

other, so far as they can be traced by the effects produced,

and established by legitimate reasoning, fonn the assemblage

of objects to which the attention of the astronomer is dircc.cJ.

The term astronomy * itself, which denotes the lato or rule of

the astra (by which the ancients understood not only the

stars properly so called, but the sun, the moon, and all the

visible constituents of the heavens), sufficiently indicates this

;

and, although the term astrology, which denotes the reason,

theory, or interpretation of the starsf, has become degraded in

its application, and confined to superstitious and delusive at-

tempts to divine future events by their dependence on pre-

AoTTip, a star ; co/tos, o law ; or yt/itiv, to tend, as a shepherd hu flock ; w
that (wTTporoMoJ means " shepherd of the stars." The two etymologies are, how-

ever, coincident.

•f
Aoyos, teiuoH, or a word, the vehicle of reason ; the mterpreter of thouglit.
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tended planetary influences, the same meaning originally

attached itself to that epithet.
, . , , v xt,„

(12 ) But, besides the stars and other celestial bodies, the

earth itself, regarded as an individual body, is one principal

object of the astronomer's consideration, and, indeed, the

chief of all. It derives its importance, in a practical as well

aa theoretical sense, not only from its proximity, and its re-

lation to us as animated beings, who draw from it the supply

of all our wants, but as the sUtion from which we see aU he

rest, and as the only one among them to which we can, m the

first instance, refer for any. determinate marks and measures

by which to recognize their changes of situation, or with

which to compare their distances.
. , ,

fl3 ) To the reader who now for the first time takes up a

book on astronomy, it wUl no doubt seem strange to class the

earth with the heavenly bodies, and to assume any community

of nature among things apparently so different. For what m

fact, can be more apparently different than the vast and

seemingly immeasurable extent of the earth, and the sta s,

which appear but as points, and seem to have no size at all?

The earth is dark and opaque, while the celestial bodies are

brilliant. We perceive in it no motion, whde in them we

observe a continual change of place, as we view them at dd-

ferent hours of the day or night, or at different seasons of the

year. The ancients, accordingly, one or two of the more en-

li<.htened of them only excepted, admitted no such commu-

nfty of nature ; and, by thus placing the heavenly bodies and

their movements without the pale of analogy and experience,

effectually intercepted the progress of all reasoning from what

parses here below, to what is going on in the regions where

they exist and move. Under such conventions, astronomy,

as a science of cause and effect, could not exist, but must be

limited to a mere registry of appearances, unconnected with

any attempt to account for them on reasonable prmciples,

however successful to a certain extent might be the attemp

to follow out their order of sequence, and to estabhsh empirical

laws expressive of this order. To get rid of this prejudice,,

therefore, is the first step towards acquiring a knowledge ot

^•-'W'6<iii»i1>f|l*,1)'>'**"r
MUfci'JMMiiiiiiiiiiii I n.i.iwjtw n'tn I'

I
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APrAKENT AND KEAL MOTIONS. 13

what is really the case ; and the student has made his first

effort towards the acquisition of sound knowledge, when he

has learnt to familiarize himself with the idea that the earth,

after all, mai/ be nothing but a great star. How correct s jcIi

an idea may be, and with what limitations and modifications

it is to be admitted, we shall see presently.

(14.) It is evident, that, to form any just notions of the

arrangement, in space, of a number of objects which we cjm-

not approach and examine, but of which all the information

we can gain is by sitting still and watching their evolutions,

it must be very important for us to know, in the first

instance, whether what we call sitting still is really such

:

whether the station from which w ^'iew them, with ourselves,

and all objects which immediately surround us, be not itself

in motion, unpcrceived by us ; and if 30, of what nature that

motion is. The apparent places of a number of objects, and

their apparent arrangement with respect to each other, will

of course be materially dependent on the situation of the

spectator among them ; and if this situation be liable to

change, unknown to the spectator himself, an appearance of

change in the respective situations of the objects will arise,

without the reality. If, then, such be actually the case, it

will foUow that all the movements we think we perceive

among the stars will not be real movements, but that some

part, at least, of whatever changes of relative place we per-

ceive among them must be merely apparent, the results of

the shifting of our own point of view ; and that, if we would

ever arrive at a knowledge of their real motions, it can only

be by first investigating our own, and making due allowance

for its effects. Thus, the question whether the earth is in

motion or at rest, and if in motion, what that motion is, is no

idle inquiry, hnt one on which depends our only chance of

arriving at true conclusions respecting the constitution of the

universe.

(15.) Nor let it be thought strange that we should speak

of a motion existing in the earth, unperceived by its in-

habitants : we must remember that it is of the earth as a

whole, with all that it holds within its substance, or sustains

(,»Jil«ltf*»WliMM'«*'
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on its surface, that we are speaking ; of a motion common to

the solid moss beneath, to the ocean which flows around it,

the air that rests upon it, and the clouds which float above it

in the air. Such a motion, which should displace no terres-

trial object from its relative situation among others, interfere

with no natural processes, and produce no sensations of

shocks or jerks, might, it is very evident, subsist undetected

by us. There is no peculiar sensation which advertises us

that we are in motion. We perceive jerks, or shocks, it is

true, because these are sudden changes of motion, produced,

as the laws of mechanics teach us, by sudden and powerful

forces acting during short times ; and these forces, applied to

our bodies, are what we feci. When, for example, we are

carried along in a carriage with the blinds down, or with our

eyes closed (to keep us from seeing external objects), we per-

ceive a tremor arising from inequalities in the road, over

which the carriage is successively lifted and let fall, but we

have no sense of progress. As the road is smoother, our

sense of motion is diminished, though our rate of travelling is

accelerated. Railway travelling, especially by night or in a

tunnel, has familiarized every one with this remark. Those

who have made aeronautic voyages testify tha*: with closed

eyes, and under the influence of a steady breeze communi-

cating no oscillatory or revolving motion to the car, the

sensation is that of perfect rest, however rapid the transfer

from place to place.

(16.) But it is on shipboard, where a great system is main-

tained in motion, and where we are surrounded with a mul-

titude of objects which participate with ourselves and each

other in the common progress of the whole mass, that we feel

most satisfactorily the. identity of sensation between a state

of motion and one of rest. In the cabin of a large and heavy

vessel, going smoothly before the wind in still water, or

drawn along a canal, not the smallest indication acquaints us

with the way it is making. We read, sit, walk, and perform

every customary action as if we were on land. If we throw

a ball into the air, it falls back into our hand ; or if we drop

it, it alights at our feet. Insects buzz around us as in the
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free air ; and smoke ascends in the same manner as it would

do in an apartment on shore. If, indeed, we come on deck,

the case is, in some respects, diflferent ; the air, not being

carried along with us, drifts away smoke and other light

bodies— such as feathers abandoned to it— apparently, in

the opposite direction to that of the ship's progress ; but, in

reality, they remain at rest, and we leave them tehind in the

air. Still, the illusion, so far as massive objects and our own
movements are concerned, remains complete ; and when we
look at the shore, we then perceive the effect of our own
motion transferred, in a contrary direction, to external objects

— external, that is, to the system oj" which weform a part.

" Provchimiir portu, terrieque urbcsque recedunt,"

(17.) In order, however, to conceive the earth as in mo-
tion, we must form to ourselves a conception of its shape and

size. Now, an object cannot have shape and size unless it

is limited on al! sides by some definite outline, so as to admit

of our imagining it, at least, disconnected from other bodies,

and existing insulated in space. The first rude notion we
form of the earth is that of a flat surface, of indefinite extent

in all directions from the spot vi'here we stand, above which

are the air and shy ; below, to an indefinite profundity, solid

matter. This is a prejudice to be got rid of, like that of the

earth's immobility;— but it is one much easier to rid our-

selves of, inasmuch as it originates only in our own mental

inactivity, in not questioning ourselves whe-.e we will place

a limit to a thing we have been accustomed from infancy

to regard as immensely large ; and does not, like that, ori-

ginate in the testimony of our senses unduly interpreted.

On the contrary, the direct testimony of our senses lies the

other way. When we see the sun set in the evening in the

west, and rise again in the east, as we cannot doubt that it is

the same sun we see after a temporary absence, we must do

violence to all our notions of solid matter, to suppose it to

have made its way through the substance of the earth. It

must, therefore, have gone under it, and that not by a mere

subterraneous channel ; for if we notice the points where it
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Bets and rises for many successive days, or for a whole year,

we shall find them constantly shifting, round a very large

extent of the horizon; and, besides, the moon and stars also

set and rise again in all points of the visible liorizon. Ihe

conclusion is plain: the earth cannot extend mdefinitely in

depth downwards, nor indefinitely in surface laterally; it

must have not only bounds in a horizontal direction, but also

an under side round which the sun, moon, and stars can pass

;

and t^at side must, at least, be so far like what we see, that

it must have a sky and sunshine, and a day when it is night

to us, and vice versd ; where, in short.

_ •' redit a nobis Aurora, diemque reducit.

Nosque ubi primus eqiiis oricns nfflavit anhelis,

lllic sera rubens acwndit lumina Vesper." Giorg.

(18.) As soon as we have familiarized ourselves with the

conception of an earth yiMhoyxtfoundations or fixed supports-

existing insulated in space from contact of every thing ex-

ternal, it becomes easy to imagine it in motion— or, rather,

difficult to imagine it otherwise ; for, since there is nothing to

retain it in one place, should any causes of motion exist, or

any forces act upon it, it must obey their impulse. Let us

next see what obvious circumstances there are to help us to a

knowledge of the shape of the earth.

(19.) Let us first examine what we can actually «cc of its

shape. Now, it is not on land (unless, indeed, on un-

commonly level and extensive plains), tliat we Can see any

thing of the general figure of the eartli ;— the hUls, trees, and

other objects which roughen its surface, and break and elevate

the line of the horizon, though obviously bearing a moat

minute proportion to the wAofc earth, are yet too considerable

with respect to ourselves and to that smaU portion of itwhich

we can see at a single view, to allow of our forn\ing any

judgment of the form of the whole, frow that of a part so dis-

figured. But with the surface of the sea or any vaatly ex-

tended level pkin, the case is otherwise. If we saU out of

sight of land, whether we stand on the deck of the ship or

climb the mast, we see the surface of the sea— not losing
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itself in distance and mist, but terminated by a sharp, clear,

AVcU-dcfincd line or offing as it is called, which runs all round

us in a circle, having our station for its centre. Tliat this

line is really a circle, we conclude, first, from the perfect

apparent similarity of all its parts ; and, secondly, from the

fact of all its parts appearing at the same distance from us,

and that, evidently, a moderate one ; and thirdly, from this,

that its a])parent diameter, measured with an instrument

called /le dip sector, is the same (except imdcr some singular

atmo8i)heric circumstances, wh-ch produce a temporary dis-

tortion of the outline), in whatever direction the measure is

taken,— properties which belong only to the circle among

geometrical figures. If we ascend a high eminence on a j)lain

(for instance, one of the Egyptian ])yi-amids), the same holds

good.

(20.) Masts of ships, however, and the edifices erected by

man, are trifling eminences compared to what nature itself

affords; iEtna, TenerifTe, Mowna Roa, are eminences from

which no contemptible aliquot part of the whole earth's surface

can be seen; but from these again— in those few and rare

occasions when the transparency of the air will permit the

real boundary of the horizon, the true sea-line, to be seen

—

the very same appearances are witnessed, but with this re-

markable addition, viz. that tlie angular diameter of the visible

area, as measured by the dip sector, is materially less than at

a lower level ; or, in other words, that the apparent size of

the earth has sensibly diminished as we have receded from its

surface, while yet the absolute quantity of it seen at once has

been increased,

(21.) The same appearances are observed universally, in

every part of the earth's surface visited by man. Now, the

figure of a body which, however seen, appears always circular,

caii be no other than a sphere or globe.

(22.) A diagram will elucidate this. Suppose the earth to

be represented by the sphere LHN Q, whose centre is C, and

let A, G, M be stations at different elevations above various

points of its surface, represented by a, g, m respectively.

From each of them (as from M) let a line be drawn, as M N??,

c
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a tangent to the surfiicc at N, then will this lino rciircscnt

the vfsual ray along which the spectator at M will see the

visible horizon; and as this tangent sweeps round M, nnd

comes successively into the posh ions MOo, MP/j, MQ*/,

the point of contact N will mark out on the surface the

circle N O P Q. The area of the spherical surface compre-

1nir.
'»v

hended within this circle is the portion of the earth's surface

visible to a spectator at M, and the angle N M Q included

between the two extreme visual rays is the measure of its

apparent angular diameter. Leaving, at present, out of con-

sideration the effect of refraction in the air below M, of which

more hereafter, and which always tends, in some degree, to

increase that angle, or render it more obtuse, this is the angle

measured by the dip sector. Now, It is evident, 1st, that as

the point M is more clovated above m, the point immediately

below it on the sphere, the visible area, i. e. the spherical

segment or slice NOPQ, increaees; 2dly, that the distance

of'the visible horizon'' or boundaiy of our view from the eye,

• 'Opifw, to tenninate.
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viz. the lino M N, increases ; and, 3dly, that the angle NMQ
becomes less obtuse, or, in other words, the apparent angular

diameter of the earth diminishes, being nowhere so great as

180", oi" two right angles, but falling short of it by some sen-

sible quantity, and that more and more the higher we ascend.

The figure exhibits three states or stages of elevation, with

the horizon, &c. corresponding to each, a glance at which will

explain our meaning ; or, limiting ourselves to the larger and

more distinct, M N O P Q, let the reader imagine n N M,
M Q 5' to be the two legs of a ruler jointed at M, and kept

extended by the globe N jii Q between them. It is clear, that

as the joint M is lu-ged home towards the surface, the legs

will open, and the ruler will become more nearly sfraiffht,

but will not attain perfect straightness till M is bi'ought

fairly up to contact with the surface at m, in which case

its whole length will become a tangent to the sphere at j«, as

is the line xy.

(23.) This explains what is meant by the dip of the horizon,

M m, which is perpendicular to the general surface of the

sphere at m, is also the direction in \H\nc\\ a, plumb-line* would

hang ; for it is an observed fact, that in all situations, in every

part of the earth, the direction of a plumb-line is exactly

perpendicular to the surface of still water; and, moreover,

that it is also exactly perpendicular to a lino or surfiicc truly

adjusted by a spirit-level* Suppose, then, that at our station

M we Avere to adjust a line (a wooden ruler for instance) by

a spirit-level, with perfect exactness ; then, if we suppose the

direction of this line indefinitely prc'jnged both ways, as

XM Y, the line so drawn will be at right angles to M»j,

and therefore parallel to x m y, the tangent to the sphere at

m. A spectator placed at M will therefore see not only all

the vault of the sky aboce this line, as X Z Y, but also that

portion or zone of it which lies between X N and Y Q ; in

other v/ords, his sky will be more than a he ikispliere by th«»

zone Y Q, X N. It is the angular breadth of this redundant

zone— the angle YMQ, by which the visible horizon appears

depressed below the direction of a spirit-level— that is called

• Sec tlieso instruments described in Chap. III.

C 2
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the dip of the horizon. It is a correction of constant use in

nautical astronomy.

(24.) From the foregoing explanations it appears, Ist, Tliat

the general figure of the earth (so for as it can be gathered

from this kind of observation) is that of a sphere or globe.

In this wo also include that of the sea, which, wlicrcvcr it

extends, covers and fills in those inequalities and local irregu-

larities which exist on land, but which can of course only bo
regarded as trifling deviations from the general outline of tho

whole mass, as we consider an orange not the less round for

the roughness on its rind. 2dly, That the appearance of a

visible horizon, or sea-offing, is a consequence of the curvature

of the surface, arid does not arise from the inability of the

eye to follow objects to a greater distance, or from at-

mospheric indistinctness. It will be worth while to pursue

the general notion ll:u3 acquired into some of its consequences,

by which its consistency with observations of a different

kind, and on a larger scale, will be put to the test, and a
clear conception be formed of the manner in which the parts

of the earth are related to each other, and held together as a
whole*

(25.) In the first place, then, every one who has passed a
little while at the sea side is aware that objects may be seen
perfectly well beyond the offing or visible horizon— but not
the whole of them. We only see their upper parts. Their
bases where they rest on, or rise out of the water, are hid
from view by the spherical surface of the sea, which protrudes

between them and ourselves. Suppose a ship, for instance,

to sail directly away from our station ;— at first, when the

distance of the ship is small, a spectator, S, situated at some
certain height above the sea, sees the whole of the ship, even
to tho water line where it rests on the sea, as at A. As it

recedes it diminishes, it is true, in apparent size, but still the
whole is seen down to the water line, till it reaches the visible

horizon at B. But ae soon as it has passed this distance, not
only does the visible portion still continue to diminish in

apparent size, but the hull begins to disappear bodily, as if

sunk below the surface. When it has reached a certain

mam
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distance, as at C, its hull has entirely vanished, but the masta
and sails remain, presenting the appearance c. But if, in

this state of things, the

spectator quickly as-

cends to a higher sta-

tion, T, whoso visible

horizon is at D, tho

hull comes again in

sight ; and, when he
descends again, he loses

it. The ship still receding, tho lower sails seem to sink below
the water, as at d, and at length the whole disappears : while yet
the distinctness with which the last portion of tho sail d is

Been is such as to satisfy us that were it not for the interposed
segment of the sea, ABODE, the distance TE is not so
great aa to have prevented an equally perfect view of the
whole.

(26.) Tho history of aeronautic adventure affords a curious
illustration of the same principle. The late Mr. Sadler, the
celebrated aeronaut, ascended on one occasion in a balloon
from Dublin, and was wafted across the Irish Channel, when,
on his approach to the Welsh coast, the balloon descended
nearly to the surface of the sea. By this time the sun was
set, and the shades of evening began to close in. He threw
out nearly all his ballast, and suddenly sprang upwards to a
great height, and by so doing brought his horizon to di^)

below the sun, producing the whole phenomenon of a
western sunrise. M. Charles in hia memorable ascent from
Paris in 1783 witnessed the same phenomenon.

(27.) If we could measure the heights and exact distance
of two stations which could barely be discerned from each
other over the edge of the horizon, we could ascertain

the actual size of the earth itself: and, in fact, were it

not for the effect of refraction, by which we are enabled
to see in some small degree round the interposed segment (as
will be hereafter explained), this would be a tolerably good
method of ascertaining it. Suppose A and B to be two
eminences, whose perpendicular heights A a and B b (which

8
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for 8imi)licity, wc will suppose to bo exactly cqiial) nro

known, aa well oa their exact hori/oiitul interval aDb, by
mcasurt'incnt ; tlicu it is clear

that 1), the visible horizon of

both, will lie just half-way

between them, ami if wo sup-

pose «Di to be the sphere of

the earth, and C its centre in

the figure C D i U, wc know
D b, the length of the arch

of the circle between D and i, — viz. J-,alf the measured
interval, and b B, the excess of its secant above its radius—
which is the height of B,— data which, by the solution
of an easy geometrical problem, enable us to find the length
of the radius D C. If, as is really the case, wc suppose both
the heights and distance of the stations inconsiderable in

comparison with the size of the earth, the solution alluded to
is contained in the following proposition : —

The earth's diameter bears the same proportion to the distance

of the visible horizon from the eye as that distance does to the

height of the eye above the sea level.

When the stations are unequal in height, the problem is n
little more complicated,

(28.) Although, as we have observed, the effect of refrac-
tion prevents this from being an exact method of ascertaining
the dimensions of the earth, yet it will suflScc to afford such
an approximation to it as shall be of use in the present stage
of the reaJer's knowledge, and help him to many just con-
ceptions, on which account we shall exemplify its application
•In numbers. Now, it appears by observation, that two
points, each ten feet above the surface, cease to be visible

from each other over still water, and in average atmospheric
circumstances, at a distance of about 8 miles. But 10 feet

is the 528th part of a mile, so that half their distance, or

4 miles, is to the height of each as 4 x528 or 2112: 1, and
therefore in the same proportion to 4 miles is the length
of the earth's diameter. It must, therefore, be equal to

I :»Miimmmmmtm
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4x2112= 8448, or, in round numbers, about 8000 miles,
which is not very far from the truth.

(29.) Such is the first rough result of an attempt to
ascertam the earth's magnitude; and it will not be amisa,
if we take advantage of it to compare it with objects we have
l)ccn accustomed to consider as of vast size, so as to interpose
a few steps between it and our ordinary ideas of dimension.
Wo have before likened the inequalities on the earth's
surface, arising from mountains, valleys, buildings, &c. to
the roughnesses on the rind of an orange, compared with
Its general mass. The comi)ari8on is quite free from exag-
geration. The highest mountain known hardly exceeds five
miles in perpendicular elevation : this is only one 1600th part
of the earth's diameter; consequently, on a globe of sixteen
mches in diameter, such a mountain would be represented
by a protuberance of no more than one hundredth part of an
inch, which is about the thickness of ordinary drawing-paper.
Now, as there is no entire continent, or even any very
extensive tract of land, known, whose general elevation
above the sea is any tiling like half this quantity, it follows,
that if we would construct a correct model of our earth, with
Its seas, continents, and mountains, on a globe sixteen inchesm diameter, the whole of the land, with the exception of
a iQyr prominent points and ridges, must be comprised on it
within the thickness of thin writing-paper; and the highest
hills would be represented by the smallest visible grains
of sand.

(30.) The deepest mine existing does not penetrate half a
mile below the surface : a scratch, or pin-hole, duly re-
presenting it, on the surface of suph a globe as our model,'
would bo imperceptible without a magnifier.

(31.) The greatest depth of sea, probably, does not very
much exceed the greatest elevation of the continents; and
would, of course, be represented by an excavation, in about
the same proportion, into the substance of the globe : so that
the ocean comes to be conceived as a mere film of liquid
such as, on our model, would be left by a brush dippedm colour, and drawn over those parts intended to represent

C 4
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the flCft : only, in bo conceiving it, wc must bear in mind that

the rcHcmhInnco extends no farther tlian to proportion in

jjoint of quantity. The mechanical laws which would
regulate tlu) distribution and movements of such a film, and

its adhesion to the surface, are allognthor dilferent from

those which govern the phenomena of the sen.

(32.) Lastly, the greatest extent of the earth's surface

which has ever been seen at once hy man, was that exposed

to the view of Messrs. Welsh and Green, in their balloon as-

cent of Nov. 10, 1852, to the enormous height of 23,027 feet,

or rather less than five miles. To estimate the proportion of
the area visible from this elevation to the whole earth's

surface, we must have recourse to the geometry of the sphere,

which informs us that the convex surface of a spherical

segment is to the whole surface of the sphere to which it

beloigs as the versed sine or thickness of the segment is to

the diametei of the sphere ; and further, that this thickness,

in the case wc are considering, is almost exactly er-ui/.; to the
perpendicular elevation of the point of sight above i he surface.

The proportion, therefore, of the visible area, in this case, to

the whole earth's surface, is that of five miles to 8000, or

1 to 1600. The portion visible from iEtna, the Peak of
TenerifFc, or Mowna lloa, is about one 40G0th.

(33.) When wo ascend to any very considerable elevation

above the surface of the earth, either ia a balloon, or on
mountains, we are made aware, by many uneasy sensations,

of an insufficient supply of air. The barometer, an instrument
which infoniis us of the weight )f air incumbent on a given
horizontal surface, confirms this impression, oiid affords a
direct measure of the rate of diminution of the quantity of
air which a giv n space includep 's we recede from the
surface. From its indie ttions w ,im, that when we have
ascended to the height of 1000 feet, we have left below us
about one-thirtieth of the whole mass of the atmosphere:—
that at lO/.OO feet of perpendicular elevation (which is rather
less than that of the summit of JEtna*) we have ascended

• The heiglit of Mtna above the Mediterranean (as it results from a barome-
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through about one-third; and nt 18,000 feet (which U nearly

that of Cotopaxi) throu^^h one-half the material, or, at least,

the ponderable body of air incumbent on the earth's surface.

From the progression of these numbers, as well as, d priori,

from the nature of the air itsolf, which is compressible, i. o. ca-

pable of being condensed or crowded into a smaller space in

proportion to the incumbent pressure, it is civsy to see that,

although by rising still higher wo shotdd continually get

above more and more of the air, and so relieve ourselves moro

and more from the pressure with which it weighs upon us,

yet the amount of this additional relief, or the ponderable

quantity of air surmounted, would bo by no means in pro-

portion to the additional height ascended, but in a constantly

decreasing ratio. An easy calculation, however, founded on

our experimental knowledge of the properties of air, and the

mechanical laws which regulate its dilatation and compression,

is sufficient to show that, at an altitude above the surface of

.the earth not exceeding the hundredth part of its diameter,

the tenuity, or rarefaction, of the air must be so excessive, Ihat

not only animal life could not subsist, or combustion be main-

tained in it, but that the most de'icate means we possess of

ascertaining the existence of any air at all would fail to afford

the slightest perceptible indications of its presence.

(34.) Layn -r out of consideration, tlierefore, at y jsent, all

nice q iOns ; , to the probable existence of a definite limit

to the atmosphere, beyond which there is, absolutely and

rigorously speaking, no air, it is clear, that, for all practical

])urposc8, we may speak ^f those regions -.vhich are more

'liatant above the earth's surface than the hundredth part of

its diameter as void of air, and of course of clouii-i (which arc

nothing but visible vapours, diffused and Jlvating in the air,

sustained by it, and rendering it turbid s,» mud does water).

It seems probable, from many indications, that the greatest

height at which visible clouds ever st does not exceed ten

miles; at which height the density of the air is about an

eighth part of what it is at the level of the sea.

tricftl measurement of my own, made in July, 1824, under very favourable cir-

cumstances) 13 10,872 English feet.— Author^

'^-^
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n

(35.) Wc are thus led to regard the atmosphere of air,
with the clouds it supports, aa constituting a coating of equa-
ble or nearly equable thickness, enveloping our globe on all
sides

;
or rather as an aerial ocean, of Avhich the surface of

the sea and land constitutes the bed, and whose inferior
portions or strata, within a few miles of the earth, contain by
far the greater part of the whole mass, the density diminish-
ing with extreme rapidity as we recede upwards, till, within
a very moderate distance (s\ich as would be represented by
the sixth of an inch on the model we have before spoken of,
and which is not more in proportion to the globe on which it
rests, than the downy skin of a peach in comparison with the
fruit within it), all sensible trace of the existence of air dis-
appears.

(36.) Arguments, however, are not wanting to render it,

if not absolutely certain, at least in the highest degree pro-
bable, that the surface of the aerial, like that of the aqueous
ocean, has a real and definite limit, aa above hinted at ; be-
yond which there is positively no air, and above which a fresh
quantity of air, could it be added from without, or carried
aloft from below, instead of dilating itself indefinitely up-
wards, would, after a certain very enormous but still finite
enlargement of volume, sink and merge, aa water poured
into the sea, and distribute itself among the mass beneath.
With the truth of this conclusion, however, astronomy has
little concern; all the eflfects of the atmosphere in modifyin"-
astronomical phenomena being the same, whether it be sup-
posed of definite extent or not.

^
(37.) Moreover, whichever idea we adopt, within those

limits in which it possesses any appretlable density its con-
stitution is the same over all points of the earth's surface;
that is^ to say, on the great scale, and leaving out of con-
sideration temporary and local causes of derangement, such aa
winds, and great fluctuations, of the nature of waves, which
prevail in it to an immense extent. In other words, the
law of diminution of the air's density as we recede upwards
from the level of the sea is the same in every column into
which we may conceive it divided, or from whatever point of

**'*^*"'"'T'r!iiirir"ti iUiiiiyiisiii.Miyiiiji..
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the surface we may sot out. It may therefore be considered

as consisting of successively superposed strata or layers, each

of the form of a spherical shell, concentric with the general

surface of the sea and land, and each of which is rarer, or spe-

cifically lighter, than that immediately beneath it ; and denser,

or specifically heavier, than that immediately above it. This,

at least, is the kind of distribution which alone would be con-

sistent with the laws of the equilibrium of fluids. Inasmuch,

however, as the atmosphere is not in perfect equilibrium,

being always kept in a state of circulation, owing to the ex-

cess of heat in its equatorial regions over that at the poles,

some slight deviation from the rigorous expression of this law
takes place, and in peculiar localities there is reason to believe

that even considerable permanent depressions of the contours

of these strata, below their general or spherical level, subsist.

But these are points of consideration rather for the meteoro-

logist than the astronomer. It must be observed, moreover,

that with this distribution of its strata the inequalities of

mountains and valleys have little concern. These exercise

hardly more influence in modifying their general spherical

figure than the inequalities at the bottom of the sea interfere

with the general sphericity of its surface. They would exer-

cise absolutely none were it not for their effect in givin"'

another than horizontal direction to the currents of air con-

stituting winds, as shoals in the ocean throw up the cur-

rents which sweep over thpm towards the surface, and so

in some small degree tend to disturb the perfect level of that

surface.

(38.) It is the pow .^r vfhhh air possesses, in common with
all transparent media, of refracting the rays of light, or bend-
ing them out of their straight course, which renders a know-
ledge of the constitution of the atmosphere important to the

astronomer. Owing to this property, objects seen obliquely

througli it appear otherwise situated than they would to tlie

same spectator, had the atmosphere no existence. It thus

produces a false impression respecting their places, which
must be rectified by ascertaining the amount and direction of

the displacement so apparently produced on each, before wo
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can oome at a knowledge of the true directions in which they
are situated from us at any assigned moment.

(39.) Suppose a spectator placed at A, any point of the
earth's surface K A A ; and let L /, M m, N «, represent the
successive stmta or layers, of decreasing density, into which
we may conceive the atmosphere to be divided, and which
are spherical surfaces concentric with K k, the earth's sur-
face. Let S represent a star, or other heavenly body, be-
yond the utmost limit of the atmosphere. Then, if the air
were away, the spectator would see it in the direction of the
straight line A S. But, in reality, when the ray of light SA
reaches the atmosphere, suppose at d, it will, by the laws of
optics, begin to bend downwards, and take a more inclined
direction, as rf c. This bending will at first be imperceptible.

owing to the extreme tenuity of the uppermost strata; but
as It advances downwards, the strata continually increasingm density, it wiU continually undergo greater and greater
refraction xn the same direction ; and thus, instead of pur-
suing the straight line S rf A, it will describe a curve 9>dcba,
continually more and more concave downwards, and will
reach the earth, not at A, but at a certain point a, nearer to

a'Sii'iriiiiiirBBT.-
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S. This ray, consequently, will not reach the spectator's
eye. The ray by which he will see the star is, therefore, not
S rf A, but another ray which, had there been no atmosphere,
would have struck the earth at K, a point behind the spec-
tator; but which, being bent by the air into the curve
S D C B A, actually strikes on A. Now, it is a law of op-
tics, that an object is seen in the direction which the visual
ray has at the instant of arriving at the eye, without regard to
what may have been otherwise its course between the object
and the eye. Hence the star S will be seen, not in the di-

rection A S, but in that of A *, a tangent to the curve
S D C B A, at A. But because the curve described by the
refracted ray is concave downwards, the tangent A * will lie

above A S, the unrefracted ray : consequently the object S
will appear more elevated above the horizon A H, when seen
through the refracting atmosphere, than it would appear
were there no such atmosphere. Since, however, the dis-

position of the strata is the same in all directions around A,
the visual ray will not be made to deviate laterally, but will
remain constantly in the same vertical plane, S A C, passing
through the eye, the object, anu the earth's centre.

(40.) The effect of the air's refraction, then, is to raise all

the heavenly bodies higher above the horizon in appearance
than they arc in reality. Any such body, situated actually in
the true horizon, will appear above it, or will have som<? certain
apparent altitude (as it is called). Nay, even some of those
actually below the horizon, and which would therefore be in-
visible but for the effect of refraction, are, by that effect,

raised nbove it and brought into eight. Thus, the sun, when
situated at P below the true horizon, A H, of the spectator,
becomes visible to him, as if it stood at />, by the refracted
ray V q r t A, to which A /) is a tangent.

(41.) The exact estimation of the amount of atmospheric
refraction, or the strict determination of the angle S A «, by
which a celestial object at any assigned altitude, H A S, is

raised in appearance above its true place, is. unfortunately, a
very difficult subject of physical inquiry, and one on which
geometers (from whom alone we can look for any information
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on the suliject) are not yet entirely agreed. The difficulty

arises from this, that the density of any stratum of air (on

which its refracting power depends) is affected not merely by
the superincumbent pressure, but also by its temperature or

degree of heat. Now, although wc know that as we recede

from the earth's surfivce the temperature of the air is constantly

diminishmg, yet the law, or amount of this diminution at

different heights, is not yet fully ascertained. Moreover, the

refracting power of air is perceptibly affected by its moisture

;

and this, too, is not the same in every part of an aiirial

column ; neither are we acquainted with the laws of its distri-

bution. The consequence of our ignorance on these points is

to introduce a corresponding degree of uncertainty into the

determination of the amount of refraction, which affects, to a
certain appretiable extent, our knowledge of several of the

most important data of astronomy. The uncertainty thus

induced is, however, confined within such very narrow limits

as to be no cause of emb.irrassment, except in the most
delicate inquiries, and to call for no further allusion in a
treatise like the present.

(42.) A " Table of Refractions," as it is called, or a state-

ment of the amount of apparent displacement arising from
this cause, at all altitudes, or in overy situation of a Jieavenly

body, from the horizcu to the rew^A *, (or point of the sky
vertically above the spectator), and under all the circumstances

in which astronomical observations are usually performed
which may influence the result, is one of the mcst important
and indispensable of all astronomical tables, since it is only

by the use of such a table we are enabled to get rid of an
illusion which must otherwise pervert all our notions re-

specting the celestial motions. Such have been, accordingly,

constructed with great care, and are to be found in every
collection of astronomical tables. Our design, in the present
treatise, Avill not admit of the introduction of tables; and we
must, therefore, content ourselves here, and in similar cases,

with referring the reader to works especially destined to

From an Arabic word of this signification.

in Chap. IF.
See this term technically de(incd
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furnmh these useful aids to calculation. It is, however, de-
Birable that he should bear in mind the following general
notions of its amount, and law of variations.

(43.) 1st. In the zenith there is no refraction. A celestial
object, situated vertically over head, is seen in its true direction,
as if there were no atmosphere, at least if the air be tmnquil.

2dly. In descending from the zenith to the horizon, the
refraction continually increases. Objects near the horizon
appear more elevated by it above their true directions than
those at a high altitude.

3dly. The rate of its increase is nearly in proportion to the
tangent of the apparent angular distance of the object from
the zenith. But this rule, which is not far from the truth, at
moderate zenith distances, ceases to give correct results in the
vicinity of the horizon, where the law becomes much more
complicated in its expression.

4thly. The average amount of refraction, for an object half-
way between the zenith and horizon, or at an apparent alti-
tude of45°, is about 1' (more exactly 57"), ft quantity hardly
sensible to the jaked eye; but at the visible horizon it

amounts to no less a quantity than 33', which is rather more
than the greatest apparent diameter of either the sun or the
moon. Hence it follows, that when we see the lower edge of
the sun or moon just apparent!?/ resting on the horizon" its
Avhole disk is in reality below it, and would be entirel- out of
sight and concealed by the convexity of the earth, but for the
bending round it, which the rays of light have undergone in
their passage through the air, aa alluded to in art. 40.

5thly. That when the barometer is higher than its average
or mean state, the amount of refraction is greater than fts
mean amount ; when lov/er, less : and,

6thly. That for one and the same reading of the barometer
the refraction is greater, the colder the air. The variations,
owing to these two causes, from its mean amount (at temp!
55°, pressure 30 inches), are about one 426th part of that
amount for each deprree of the thermometer of Fahrenheit,
and one 300th for each tenth of an inch in the height of the
barometer.
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(44.) It follows from this, that one obvious effect of re-

fraetion must be to shorten the duration of night and dark-

ness, by actually prolonging the stay of the sun and moon

above the horizon. But even after they arc set^ the influcnro

of the atmosphere still continues to send us a portion of their

light ; not, indeed, by direct transmission, but by reflection

upon the vapours and minute solid particles which float in it,

and, perhaps, also on the actual material atoms of the air

itself. To understand how this takes place, wc must recollect,

that it is not only by the direct light of a luminous object

that we see, but that whatever portion of its light which

would not otherwise reach our eyes is intercepted in its

course, and thrown back, or latci-ally, upon us, becomes to

us a means of illumination. Such reflective obstacles always

exist floating in the air. The whole course of a sun-beam

penetrating through the chink of a window-shutter into a

dark room is visible as a bright line in the air : and even if it

be stifled, or let out through an opposite crevice, the light

scattered through the apartment from this source is sufficient

to prevent entire darkness in the room. Tlie luminous lines

occasionally seen in the air, in a sky full of partially broken

clouds, which the vulgar term " the sun drawing water," arc

eimilarly caused. They are sunbe-ms, through apertures in

clouds, partially intercepted and reflected on the dust and

vapours of the air below. Thus it is with those solar rays

which, after the sun is itself concealed by the convexity of

the earth, continue to traverse the higher regions of the

atmosphere above our heads, and pass through and out of it,

without directly striking on the earth at all. Some portion

of them is intercepted and reflected by the floating particles

above mentioned, and thrown back, or laterally, so as to reach

us, and aflford us that secondary illumination, which is twi-

light. The course of such rays will be immediately under-

stood from the annexed figure, in which A B C D is the

earth ; A a point on its surface, where the sun S is in the

act of setting; its last lower ray S A M just grazing the

surface at A, while its superior rays S N, SO, traverse the

atmosphere above A without striking the earth, leaving it

i A

miM mm Ml
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finally at the points P Q R, after being more or less bent in

passing through it, the lower most, the higher less, and that

which, like S R O, merely grazes the exterior limit of the

atmosphere, not at all. Let us consider several points,

A, B, C, D, each more remote than the last from A, and each
more deeply involved in the earth's shadow, which occupies

the whole space from A beneath the line A M. Now, A just

receives the sun's last direct ray, and, besides, is illuminated

by the ^»>hoIe reflective atmosphere P Q R T. It therefore
receives twilight from the whole sky. The point B, to which
the sun has set, receives no direct solar light, nor any, direct
or reflected, from all that part of its visible atmosphere which
is below A P M ; but from the lenticular portion P R ar,

which is traversed by the sun's rays, and which lies above
the visible horizon B R of B, it receives a twilight, which is

strongest at R, the point immediately below which the sun
is, and fades away gradually towards P, as the luminous
part of the atmosphere thins off. At C, only the last or
thinnest portion, P Q z of the lenticular segment, thus illu-

minated, lies above the horizon, C Q, of that place ; here,
then, the twilight is feeble, and confined to a small space in
and near the horizon, which the sun has quitted, while at D
the twilight has ceased altogether.

(45.) When the sun is above the horizon, it illuminates the
atmosphere and clouds, and these again disperse and scatter a
portion of its light in all directions, so as to send some of its

D
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rays to every exposed foint, from every point of the sky.

The generally diffused light, therefore, which wo enjoy iu

the diiytime, is a phenomenon originating in the very same

causes as the twilight. Were it not for the reflective and

scattering power of the atmosphere, no objects would bo

visible to us out of direct sunshine ; every shadow of a passing

cloud would be pitchy darkness ; the stars would be visible

all day, and every apartment, into which the sun had not

direct admission, would be involved in nocturnal obscurity.

This scattering action of the atmosphere on the solar light, it

should be observed, is increased by the irregularity of tem-

perature caused by the same luminary in its different parts,

which, during the daytime, throws it into a constant state of

y( undulation, and, by thus bringing together masses of air of

very unequal temperatures, produces partial reflections and
refractions at their common boundaries, by which some por-

tion of the light is turned aside from the direct course, and
diverted to the purposes of general illumination. A secon-

dary twilight, however, may be traced even beyond the point

D, consequent on a re-reflection of the rays dispersed through

the atmosphere in the primary one. The phenomenon seen

in the clear atmosphere of the Nubian desert, described by
travellers under the name of the " Afterglow," would seem
to arise from this cause.

(46.) From the explanation we have given, in arts. 39 and

40, of the nature of atmospheric reTraction, and the mode in

which it is produced in the progress of a ray of light through

successive strata, or layers, of the atmosphere, it will be
evident, that whenever a ray passes obliquely from a higher

level to a lower one, or vice versd, its course is not rectilinear,

but concave downwards ; and of course any object seen by
means of such a ray, must appear deviated from its true place,

whether that object be, like the celestial bodies, entirely be-
yond the atmosphere, or, like the summits of mountains seen
from the plains, or other terrestrial stations at different

levels seen from each other, immersed in it. Every diflTerence

of level, accomprnied, as it must be, with a difference of den-
eity in the aerial trata, must also have, corresponding to it,

a certain amount oi refraction ; less, indeed, than what would

Mva
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bo produced by the whole atmosphere, but still often of very
apprctiable, and even considerable, amount. This refraction
between terrestrial stations is termed terrestrial refraction, to
distinguish it from that total effect which is only prothiced on
celestial objects, or such as are beyond the atmosphere, and
which is called celestial or astronomical refraction.

(47.) Another effect of refraction is to distort the visible
forms and proportions of objects seen near the horizon. The
sun, for instance, which at a considerable altitude always aj)-

pears round, assumes, as it approaches the horizon, a flattened
or oval outline ; its horizofttal diameter being visibly greater
than that in a vertical direction. When very near the hori-
zon, this flattening is evidently more considerable on the
lower side than on the upper ; so that the apparent form is

neither circular nor elliptic, but a species of oval, which de-
viates more from a circle below than above. This singular
effect, which any one may notice in a fine sunset, arises from
the rapid rate at which the refraction increases in approach-
ing the horizon. Were every visible point in the sun's cir-
cumference equally raised by refraction, it would still appear
circular, though displaced ; b^„ the lower portions being more
raised than the upper, the vertical diameter is thereby short-
ened, while the two extremities of its horizontal diameter are
equally raised, dftd in parallel directions, so that its apparent
length remains the same. The dilated size (generally) of the
sun or moon, when seen near the horizon, beyond what they
appear to have when high up in the sky, has nothing to do
with refraction. It is an illusion of the judgment, arising
from the terrestrial objects interposed, or placed in close com-
parison with them. In that situation we view and judge of
them as we do of terrestrial, objects— in detail, and with an
acquired habit of attention to parts. Aloft we have no asso-
ciations to guide us, and their insulation in the expanse of
sky leads us rather to undervalue than to over-rate their ap-
parent magnitudes. Actual measurement with a proper in-
strument corrects our error, without, however, dispelling our
iUusion. By this we learn, that the sun, when just on the
horizon, subtends at our eyes almost exactly the same, and the
moon a materially less angle, than when seen at a great alti-

U 2
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tudc in the sky, owing to its greater distance froiri \\s in the

Ibrnicr situation aa conipured with the latter, t)j will be ex-

plained farther on.

(48.) Aftor what haa been said of the anmll extent of the

atmosphere in conipariHon with the maea of the earth, we bIiuII

have little hesitation in admitting those luminaries which

people and adorn the sky, and which, while they obviously

form no part of the earth, and receive no support from it, are

yet not borne along at random like clouda upon the air, nor

drifted by tlio winds, to be external tc our atmosphere. Aa

such we have considered them while speaking of their refrac-

tions— as existing in the immensity of space beyond, and

situated, perlinpa, for any thing we can perceive to the con-

trary, at enornioua distances from ua and from each other.

(49.) Could a 82)ectator exist unaustained by the earth, or

any solid support, he would see around him at one view the

whole contenta of space— the visible constituents of the

universe : and, in the absence of any means of judging

of their distances from him, would refer them, in the direc-

tions in which they were seen from hia station, to the con-

cave surface of an imaginary sphere, having his eye for

a centre, and its surface at some vast indeterminate distance.

Perhaps he might judge those which appear to him large and

bright, to be nearer to him than the smaller and less brilliant

;

but, independent of other means of judging, he woidd ha\ e

no warrant for this opinion, any more than for the idea that

all were equidistant from him, and realli/ arranged on such a

spherical aurface. Nevertheless, there would be no impro-

priety in his referring their places, geometrically speaking, to

those points of such a purely imaginary sphere, which their

respective visual rays intersect; and there would be much
advantage in so doing, aa by that means their appearance and

relative situation could be accurately measured, recorded, and

mapped down. The objects in a landscape are at every

variety of distance from the eye, yet we lay them all drwn
in a picture on one plane, and at one distance, in their actual

apparent proportions, and the likeness is not taxed with in-

correctnesa, though a man in the foreground should be re-

presented larger than a mountain in the distance. So it is
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to a apcctator of the heavenly bodies pictured, prnjecterl, or
mapped down on tJiat ininginiiry eplierc we call the akt/ or

heaven. Thus, we may easily conceive tiiat the moon, wliich

appears to us as large as the eun, though less bright, mmj
owe that apparent equality to its greater proximity, and
may be really mucli less ; while both the moon and sun may
only appear larger and brighter than the stars, on account of
the remoteness of the latter.

(50.) A spectator on the earth's surface is prevented, by
the great mass on which he stands, from seeing into all that

portion of space Avhich is below him, or to see which he must
look in any degree downwards. It is true that, if his place

of observation be at a great elevation, the dip of the horizon

will bring within the scope of vision a little more than a

hcmispliere, and refraction, wherever he may be situated,

will (enable him to look, as it were, a little round the corner

;

but the zone thus added to his visual nuige can hardly ever,

unless in very extraordinary circumstances, exceed a couple

of degrees in breadth, and is always ill seen on account of the

vapours near the horizon. Unless, then, by a change of his

geographical situation, he should bhift his horizon (which is

always a plane passing through his eye, and touching the

spherical sonvexity of the earth) ; or unless, by some move-
ments proper to* the heavenly bodies, they should of them-

selves jome above his horizon ; or, lastly, unless, by some
rotation of the earth itself on its centre, the point of its sur-

face which he occupies should be carried round, and f)re-

sented towar'ls a different region of space ; he would never

obtain a sig'it of almost one half the objects external to our
atmosphere. But if any of these cases be supposed, more,

or all, may come into view according to the circumstances.

(51.) A traveller, for exampU, shifting his locality on our

globe, will obtain a view of celestial objects invisible from
his original station, in a way which may be not inaptly illus-

strated by comparing him to a person standing in a park

close to a large tree. The massive obstacle presented by its

trunk cuts off his view of all those parts of the landscape

which it occupies as an object; but by walking round it a
a 3
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!f
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complete BUCCCSBivc view of the whole panorama may bo

obtained. Just in the same way, if wo set off from any

Btation, as London, and travel Bouthwards, we Bhall not fail

to n(ttico tbat many coloatial objects which are never seen

from London come Bucccssivcly into view, aa if rising up

above the horizon, night after night, from the south, although

it ia in reality our horizon, which, travelling with ub south-

wards round the sphere, sinks in succession beneath them.

The novelty and splendour of fresh constellations thus gra-

dually brought into view in the clear calm nights of tropical

climates, in long voyages to the south, is dwelt upon by all

who have enjoyed this spectacle, and never fails to impress

itself on the recollection among the most delightful and in-

teresting of the associations connected with extensive travel.

A glance at the accompanying figure, exhibiting three suc-

cessive stations of a traveller, A, B, C, with the horizon cor-

responding to each, will place this process in clearer evidence

than any description.

(52.) Again : suppose the earth itself to have a motion of

rotation on its centre. It is evident that a spectator at rest

(as it appears to him) on any part of it will, unperceived by

himself, be carried round with it: unperceived, we say,

because his horizon will constantly contain, and be limited

by, the same terrestrial objects. He will have the same

landscape constantly before his eyes, in which all the familiar
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retain, with respect to himself or to each other, the sumo
invariable situations. The perfect smoothness and equality

of the motion of so vast a mass, in which every objoct he sees

around him participates alik«<, will (art. 15.) preven' liis enter-

taining any suspicion 'if his actual cliitigc of {).;ice. Yet,

with respect to external objects,— that is to say, all celestial

ones which do not partiripatc in the suppot^jd rotation of tho

earth,— his horizon will have been nil the while shifting in

ita rol ition to them, precisely as in the case of our traveller

in til foregoing article. Recurring to tho figure of that

article, it is e^ idontly the same thing, so far as their visibility

is concerned, whether ho has been carried by the earth's

rotation suc< .vilx 'nto the situations A, B, C; or whether,

the earth r uiiiiriing rest, he has transferred himself per-

sonally alo: g . 1 surl „ to those stations. 0<ir spectator in

the park will sSif \iu r. joisely the .iame view of tJ "^ landscape,

whether he w. round the tree, or whether we suppose it

sawed off, and made to turn on an upright pivot, while he

stand?* on a projecting aU.p attached to it, and allows himself

to b(! carried round by its motion. The only difference will

be in his view of the tree itself, of which, in the former casp,

he will see every part, bi.t, in the latter, only that portion of

it which remain^ constantly opposite to him, and immediately

under his eye.

(53.) By such a rotation of the earth, then, as we have

supposed, the horizon of a stationary spectator will be con-

stantly depressing itself below those objects which lie in that

region of space towards which the rotation i~ carrying him,

and elevating itself above those in the opposite qua r, ad-

mitting into view the former, and successively hiding the

latter. As the horizon of every such spectator, however,

appears to him motionless, all such changes will be referred

by him to a motion in the objects themselves so successively

disclosed and concealed. In place of his horizon approac/:ing

the stars, therefore, he will judge the stars to approach his

horizon ; and when it passes over and hides any of them, he

will consider them as having sunk below it, or set; while
D 4
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those it has just disclosed, and from which it is receding, will

eeera to be rising above it.

(54.) If we suppose this rotation of the earth to continue

in one and the same direction,— that is to say, to be per-

formed round one and the same axis, till it has completed an

entire revolution, and come back to the position from which

it set out when the spectator began his observations,— it is

manifest that every thing will then be in precisely the same

relative position as at the outset : all the heavenly bodies will

appear to occupy the same places in the concave of the sky

which they did at that instant, except such as may have

actually moved in the interim ; and if the rotation still con-

tinue, the same phenomena of their successive rising and

setting, and return to the same places, will continue to be

repeated in the same order, and (if the velocity of rotation be

uniform) in equal intervals of time, ad itifinitum.

(55.) Now, in this we have a lively picture of that grand

phenomenon, the most important beyond all comparison which

nature presents, the daily rising and setting of the sun and

stars, their progress through the vault of the heavens, and

their return to the same apparent places at the same hours of

the day and night. The accomplishment of this restoration

in the regular interval of twenty-four hours is the first in-

stance we encounter of that great law o? periodicity "
, which,

as we shall see, pervades all astronomy ; by which expression

we understand the continual reproduction of the same pheno-

mena, in the same order, at equal intervals of time.

(56.) A free rotation of the earth round its centre, if it

exist and be performed in consonance with the same mecha-

nical laws which obtain in the motions of masses of matter

under oar immediate control, and within our ordinary ex-

perience, must be such as to satisfy two essential conditions.

It liiust be invariable in its direction with respect to the sphere

itself, and uniform in its velocity. The rotation must be

performed round an axis or diameter of the sphere, whose

poles or extremities, where it meets the surface, correspond

Tlffloios, a going round, a circulation or revolution.
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always to the same points on the sphere. Modes of rotation

of a solid body under the influence of external agency are

conceivable, in which the poles of the imaginary line or axis

about which it is at any moment revolving shall hold no fixed

places on the surface, but shift upon it every moment. Such

changes, however, ar j inconsistent with the idea of a rotation

of a body of regular figure about its axis of symmetry, per-

formed in free space, and without resistance or obstruction

from any surrounding medium, or disturbing influences. The

complete absence of such obstructions draws with it, of ne-

cessity, the strict fulfilment of the two conditions above

mentioned.

(57.) Now, these conditions are in perfect accordance with

what we observe, and what recoi id observation teaches us,

in respect of the diurnal motions of the heavenly bodies. We
have no reason to believe, from history, that any sensible

change has taken place since the earliest ages in the interval

of time elapsing between two successive returns of the same

star to the same point of the sky ; or, rather, it is demon-
strable from astronomical records that no such change has

taken place. And with respect to the other condition,—
the permanence of the axis of rotation, — the appearances

which any alteration in that respect must produce, would be

marked, as we shall presently show, by a corresponding

change of a very obvious kind in the apparent motions of the

stiirs ; which, again, history decidedly declares them not to

have undergone.

(58.) But, before we proceed to examine more in detail

how the hypothesis of the rotation of the earth about an axis

accords with the phenomena which the diurnal motion of the

heavenly bodies offers to our notice, it will be proper to de-

scribe, with precision, in what that diurnal motion consists,

and how far it is participated in by them all ; or whether any

of them form exceptions, wholly or partially, to the common
analogy of the rest. We will, therefore, suppose the reader

to station himself, on a clear evening, just after sunset, when
the first stars begm to appear, in some open situation whcnoo

a good general view of the heavens can be obtained. Ho

mi
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will then perceive, above and around him, aa it were, a vast

concave hemispherical vault, beset with stars of various mag-

nitudes, of which the brightest only will first catch his atten-

tion in the twilight ; and more and more will appear as the

darkness increases, till the whole sky is over-spangled with

them. When he has awhile admired the calm magnificence

of this glorious spectacle, the theme of so much song, and

of so much thought,— a spectacle which no one can view

without emotion, and without a longing desire to know some-

thing of its nature and purport,— let him fix his attention

more particularly on a few of the most brilliant stars, such

as he cannot fail to recognize again without mistake after

looking away from them for some time, and let him refer

their apparent situations to some surrounding objects, as

buildings, trees, &c., selecting purposely such as are in dif-

ferent quarters of his horizon. On comparing them agam

with their respective points of reference, after a moderate

interval, as the night advances, he will not fail to perceive

that they have change^? their places, and advanced, as by a

general movement, iu a westward direction ; those towards

the eastern quarter appearing to rise or recede from the

horizon, while those which lie towards the west will be seen

to approach it ; and, if watched long enough, will, for the

most part, finally sink beneath it, and disappear ; while others,

in the eastern quarter, will be seen to rise as if out of the

earth, and, joining in the general procession, wiU take their

course with the rest towards the opposite quarter.

(59.) If he persist for a considerable time in watching

their motions, on the same or on several successive nights, he

will perceive that each star appears to describe, aa far as its

course lies above the horizon, a circle in the sky ; that the

circles so described are not of the same magnitude for all the

stars ; and that those described by different stars differ greatly

in respect of the parts of them which lie above the horizon.

Som'^, which lie towards the quarter of the horizon which is

denominated the South *, only remain for a short time above

* We suppose our ol>scrver to be stationed iu some northern latitude ; some

where in Europe, for exiimplc.

^sssasssseessm ^^^^^Xf^^^S'^^ift-fiiV^ti-i 'i<r^
mUMS^^MM^M^
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it, and disappear, after describing in sight only the small

upper segment of their diurnal circle ; others, which rise

between the south and east, describe larger segments of their

circles above the horizon, remain proportionally longer in

sight, and set precisely as far to the westward of south as

they rose to the eastward ; while such as rise exactly in the

east remain Just twelve hours visible, describe a semicircle,

and set exactly in the west. "With those, again, which rise

between the east and north, the same law obtains ; at least,

as far as regards the time of their remaining above the horizon,

and the proportion of the visible segment of their diurnal

circles to their whole circumferences. Both go on increasing

;

they remain in view more than twelve hours, and their visible

diurnal arcs are more than semicircles. But the magnitudes

of the circles themselves diminish, as we go from the east,

northward ; the greatest of all the circles being described by

those which rise exactly in the east point. Carrying his eye

farther northwards, he will notice, at length, stars which, in

their diurnal motion, just graze the horizon at its north point,

or only dip below it for a moment ; wh5!o others never reach

it at all, but continue always above it, revolving in entire

circles round one I'OINT called the pole, which appears to

be the common centre of all their motions, and which alone,

in the whole heavens, may be considered immoveable. Not

that this point is marked by any star. It is a purely imagi-

nary centre; but there is near it one considerably bright

star, called the Pole Star, which is easily recognized by the

very small circle it describes ; so small, indeed, that, without

paying particular attention, and referring its position very

nicely to some fixed mark, it may easily be supposed at rest,

and be, itself, mistaken for the common centre about which

all the others in that region describe their circles ; or it may

be known by its configuration with a very splendid and re-

markable constellation or group of stars, called by astronomers

the Gkeat Bear.

(60.) He will further observe, that the apparent relative

situations of all the stars among one another, is not changed

by their diurnal motion. In whatever parts of their circles
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they are observed, or at whatever hour of the night, they

form with each other the same identical groups or configura-

tions, to which the name of constellations has been given.

It is true, that, in different parts of their course, these groups

stand differently with respect to the horizon ; and those

towards the north, when in the course of their diurnal move-

ment they pass alternately above and below fhat common
centre of motion described in the last article, become actually

inverted with respect to the horizon, whih;, on the other

hand, they always turn the same points towards the pole. In

short, he will perceive that the whole assembhige of stars

visible at once, or in succession, in the heavens, may be

regarded as one great constellation, which seems to revolve

with a uniform motion, as if it formed one coherent mass ; or

as if it were attached to the internal surface of a vast hollow

sphere, having the earth, or rather the spectator. In its centre,

and turning round an axis inclined to his horizon, so as to pass

through that fixed point or pole already mentioned.

(61.) Lastly, he will notice, if he have patience to out-

watch a long winter's night, commencing at the earliest

moment when the stars appear, and continuing till morning

twilight, that those stars which he observed setting in the

west have again risen in the east, while those which were

rising when he first began to notice them have completed

their course, and are now set ; and that thus the hemisphere,

or a great part of it, which was then above, is now beneath

hira, and its place supplied by that which was at first under

his feet, which he will thus discover to be no less copiously

furnished with stars than the other, and bespangled with

groups no less permanent and distinctly recognizable. Thus

he will learn that the great constellation we have above

spoken of as revolving round the pole is co-extensive with the

whole surface of the sphere, being in reality nothing less than

a universe of luminaries surrounding the earth on all sides,

and brought in succession before his view, and referred

(each luminary according to its own visual ray or direction

from his eye) to the imaginary spherical surface, of which

he .himself occupies the centre. (See art. 49.) There is

%
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always, therefore (he would justly argue), a star-bespangled

canopy over his head, by day as well as by night, only that

tlie glare of daylight (which he perceives gradually to efface

the stars as the morning twilight comes on) prevents them

from being seen. And such is really the case. The stars

actually continue visible through telescopes in the day-

time ; and, in proportion to the power of the instrument, not

only the largest and brightest of them, but even those of

infeiior lustre, such as scarcely strike the eye at night as at

all conspicuous, are readily found and followed even at noon-

day,— unless in that part of the sky which is very near the

sun,—by those who possess the means of pointing a telescope

accurately to the proper places. Indeed, from the bottoms

of deep narrow pits, such as a well, or the shaft of a mine,

such bright stars as pass the zenith may even be discerned by

the naked eye ; and we have ourselves heard it stated by a

celebrated optician, that the earliest circumstance which drew

his attention to astronomy was the regular appearance, at a

certain, hour, for several successive days, of a considerable

star, through the shaft of a chimney. Venus in our climate,

and even Jupiter in the clearer skies of tropical countries,

are often visible, without any artificial aid, to the naked eye

of one who knows nearly where to look for them. During

total eclipses of the sun, the larger stars also appear in their

proper situations.

(62.) But to return to our incipient astronomer, whom we
left contemplating the sphere of the heavens, as completed in

imagination beneath his feet, and as rising up from thence in

its diurnal course. There is one portion or segment of this

sphere of which he will not thus obtain a view. As there is

a segment towards the north, adjacent to the pole above his

horizon, in which the stars never set, so there is a corresponding

segment, about which the smaller circles of the more southern

stars are described, in which they never rise. The stars which

border upon the extreme circumference of this segment just

giaze the southern point of his horizon, and show themselves

for a few moments above it, precisely as those near the cir-

cumference of the northern segment graze hia northern

af-

1
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horiKon, and dip for a moment below ii, to re-»»ppear im-

mecilately. Every point in a sphci'-iA i.uv 'a.e ha*; of coiu-dc,

anotJier diametrically opposite to if; and as thf: 8pecuit<*r'a

horizoa divides his sphere into two i.embpberes— a 8):^' ru.r

and inferior— there must of necesii'.'vj exi-l. a desnseei; » ole

to the south, correepouding lo the elr- ated one to the tiorih,

and a portion surroimding it, perpetually beneath, as there is

another tu rounding tho north pole, perpetually above it.

" Hie vertex nobis tamper Bublimis ; at ilium

Sub pedibus nox itra vi'i t, manv.^-.ie profundi."— "Vihgiu

One polo rides higb, one, plur.v.cd be.>cath t!(e uiin,

Seeks the deep night, an 1 P! iti's dusky roign.

(63.) To get sight of this seguient, be must travel south-

war<1 ,. In so doing, a new set of phenomena come forward.

TiJ proportion as he advances to the south, some of those con-

Bteliations which, at his origi;. 1 station, barely grazed the

northern horizon, will be observed to sink below it and set;

at first remaining hid only fov a very short time, but grar

dually for a longer part of the twenty-four hours. They

will continue, however, to circulate about the same point

—

that is, holding the same invarial^le position with respect to

them in the concave of the heavens nmong the stars; but this

point itself will become gradually depressed with respect to

the spectator's horizon. The axis, in short, about which the

diurnal motion is performed, will appear to have become con-

tinually less and less inclined to the horizon; and by the

same degrees as the northern pole is depressed the southern

will rise, and constellations surrounding it will come into

view; at first momentarily, but by degrees for longer and

longer tunes in each diurnal revolution— realizing, in sliort,

what we have already stated in art. 51.

(64.) If he travel continrdly southwards, he wiU at length

reach a line on the earth's surface, called tlie equator, at any

point of which, indifferently, if he take up his station and

recommence his observations, he will find that he has both

the centres of diurnal motion in his horizon, occupymg op-

posite points, the northern Pole liaving been depressed, and

the southern raised i so that, m i^iifl geographical position,



-»»ppear im-

lA, of COUSMC, •

El 8pectfit<>r'a

— a auptrjor

Virtsecii role

to the iiorih,

li, as there ia

above it.

-VinGit.

travel south-

ome forward,

of those con-

y grazed the

iW it and set

;

ime, but grar

iiours. They

same point

—

nth respect to

tars ; but this

ith respect to

out which the

3 become con-

; and by the

I the southern

ill come into

or longer and

zing, in abort,

will at length

quator, at any

is station and

Lt he has both

occupying op-

depresaed, and

hical position,

APPKARANCES KESULTINO FROM CHANGE OF STATION. 47

the diurnal rotation of the heavens will appear to him to bo

petforincd about a horizontal axis, every star describing half

its diurnal circle above and half beneath his horizon, re-

maining alternately visible for twelve hours, and concealed

during the same interval. In this situation, no part of the

heavens is concealed from his successive view. In a night of

twelve hours (supposing such a continuance of darkness pos-

sible at the equator) the whole sphere will have passed in

review over him— the whole hemisphere with which he began

his night's observation will have been carried down beneath

liim, and the entire opposite one brought up from below.

(65.) If he pass the «^quator, and travel still farther south-

wards, the southern pole of the heavens will become elevated

above his horizon, and the northern will sink below it ; and

the more, the farther he advances southwards; and when
arrived at a station as far to the south of the equator as that

from which he started was to the north, he will find the

whole phenomena of the heavens reversed. The Si,ar8 which

at his original station described their whole diurnal circles

above Lis horizon, and never set, now describe them entirely

below it, and never rise, but remain constantly invisible to

him ; and vice versd, those stars which at his formor station

he never saw, he will now never cease to see.

(66.) Finally, if, instead of advancing southwards from
his first station, ho travel northwards, he will observe the

northern pole of the heavens to become more elevated above

his horizon, and the southern more depressed below it. In
consequence, his hemisphere will present a less variety of

stars, because a greater proportion of the whole surface of

the heavens remains constantly visible or constantly in-,

visible : the circle described by each star, too, becomes more
nearly parallel to the horizon ; and, in short, every appearance

leads to suppose that could he travel far enough to the north,

he would at length attain a point vertically under the north-

ern pole of the heavens, at which none of the stars would
either rise or set, but each would circulate round the horizon

iu circles parallel to it. Many endeavours have been made
to reach this point, which ia called the north pole of the
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earth, but hitherto without success ; a barrier of almost in-

surmountable difficulty being presented by the increasing

rigour of the climate : but a very near approach to it has

been made ; and the phenomena of those regions, though not

precisely such as we have described as what must subsist at

the pole itself, have proved to be in exact correspondence

with its near proximity. A similar remark applies to the

south pole of the earth, which, however, is more unap-

proachable, or, at least, has been less nearly approached, than

the north.

(67.) The above is an account of the phenomena of the

diurnal motion of the stars, as modified by different geogra-

phical situations, not grounded on any speculation, but

actually observed and recorded by travellers and voyagers.

It is, however, in complete accordance with the hypothesis

of a rotation of the earth round a fixed axis. In order to

show this, however, it will be necessary to premise a few ob-

servations on parallactic motion in general, and on the appear-

ances presented by an assemblage of remote objects, when

viewed from different parts of a small and circumscribed

station.

(68.) It has been shown (art. 16.) that a spectator m
smooth motion, and surrounded by, and forming part of, a

great system partaking of the same motion, is unconscious of

his own movement, and transfers it in idea to objects external

and unconnected, in a contrary direction; those which he

leaves behind appealing to recede fiom, and those which ho

advances towards to approach, him. Not only, however,

do external objects at rest appear in motion generally, with

respect to ourselves when we are in motion among them,

but they appear to move one among the other— they shift

their relative apparent places. Let any one travelling

rapidly along a high road fix his eye steadily on. any ob-

ject, but at the same time not entirely withdraw his atten-

tion from the general landscape,— he will see, or think he

Bees, the whole landscape thrown into rotation, and moving

round that object as a centre ; all objects between it and

himself appearing to move backwards, or the contrary way
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to his own motion ; and all beyond it, forwards, or in the

direction in which he moves : but let him withdraw his eye

from that object, and fix it on another,— a nearer one, for

instance,— immediately the appearance of rotation shifts

also, and the apparent centre about which this illusive

circulation is performed is transferred to the new object,

which, for the moment, appears to rest. This apparent

change of situation of objects with respect to one another,

arising from a motion of the spectator, is called a parallactic

motion. To see the reason of it we must consider that the

position of every object is referred by us to the surface of an

imaginary sphere of an indefinite radius, having our eye for

its centre ; and, as we advance in any direction, A 13, carry-

ing this imaginary sphere along with us, the visual rays A P,

A Q, by which objects are referred to its surface (at C, for

instance), shift their positions with respect to the lino in whi h

we move, A B, which serves as an axis or line of reference,

and assume new positions, BP^, BQ^', revolving round

their respective objects as centres. Their intersections, there-

fore, p, q, with our visual sphere, will appear to recede on its

surface, but with different degrees of angular velocity in pro-

portion to their proximity ; the same distance of advance

A B subtending a greater angle, A P B = c P ;?, at the near

object P than at the remote one Q.

(69.) A consequence of the familiar appearance we have

adduced in illustration of these principles is worth noticing,

as we shall have occasion to refer to it hereafter. We ob-

serve that every object nearer to us than that on which our

eye is fixed appears to recede, and those farther from us to

advance in relation to one another. If then we did not know,

or could not judge by any other appearances, which of two

objects were nearer to us, this apparent advance or recess of

E
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one of them, wh( » the cy<' > kept steadily fixed on the other,

wouM f'lrni^h a criterion. In a dark night, for instance,

''•'n p'l utermcdiate (thjrcts are unseen, the apparent rela-

ement of two light a which wo are nssured are them-

selves fixed, wUl decide as to their relative proximities. That

which seems to advance with us and gain upon the othci, or

leave it behind it, is the farthest from us.

(^70.) The apparent angular motion of an object, arising

from a chanp-"
"

, "it of view, is called in gencml paral-

lax, and it is always expresseu by the angle A P B subtended

at the object P (see fig. of art. 68.) by a line joining the two

points of view A B under consideration. For it is evident

that the difference of angular position of P, with respect to

the invariable direction A B D, when viewed from A and

from li, id the difference of the two angles D B P and D A P

;

now, D B P being the exterior angle of the triangle A B P,

is equal to the sum of the interior and opposite, D B P =

DAP + APB, whence DBP- DAP = A P B.

(71.) It follows from what has been said that the amount

of parallactic notion arising from any given change of our

point of view is, cateris paribus, less, m ^he distance of an

object viewed is greater; and when that distance Is extremely

great in comparison with the change in our point of view, the

parallax becomes insensible; or, other wo: ' bjects do

not appear to vary in situation at all. It is on lis principle,

that in alpine regions vis ' for the first ti o wo are sur-

prised au'l confounded at the little pr<^rer^ we appear to

riake by a considerable change of place. An hour's walk, for

instance, pro* cs but a siiiall parallactic change in the re-

late e situati of the a ^t and distant masses > "ich surroxind

us. Whether we walk round a circle of a huu od yards .

diameter, or merely turn ourselves round in ild centre, the

ulstantpanoroi' a presents 'aiost exactly the same aspect,—

we hardly seem to have changed onr point of -ow.

(72.) Whatevrr notion, in other respects, ^v may form of

the star.", it is ;,"ite cicar they luust .. imnuriPfl^y distant.

Were i ^t ^ he apparent a"?iikr interval .'Ctween any

two of iu n o^er head w ild be rau'' ^'reater than
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when seen near the horizon, and the constellations, iiTstead of
preserving the same appearances and dimensions during their

whole diurnal course, would appear to enlarge aa they rise

higher in the sky, as wo see a small cloud in the horizon
swell into a great overshadowing canopy when drifted by he
wind across our zenith, or as may bo seen in the anm xed
figure, where ab, A B, a b, arc three ditFerent positions of
the same stars, as they would, if near the earth, be seen from

a. spectator S, under the visual angles a S A, A S B. No such
change of ajjparent dimension, however, is observed. The
nicest measurements of the apparent angular distance of any
two stars inter se, taken in any parts of their diurnal course,
(after allowing for the unequal effects of refraction, or when
taken at such times that this cause of distortion shall act
equally on both,) manifest not the slightest perceptible va-
riation. Not only this, but at whatever point of the earth's

iirface the measurement is performed, the results are abso-
Ititf I identical. No instruments ever yet invented by man
re delicate enough to indicate, by an increase or diminution

oi the angle subtended, that one point of the earth is nearer
to or further from the stars than another.

(73.) The necessary conclusion from this is, that the
dimensions

nothing, absoi

interval whic

observer walk

diameter, and
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adapted f »• Ou

IS,

the earth, large as it is, comparatively
ly imperceptible, when comj with the

parates the stars from tho •,.n. If an
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fro lifferent points in its circumference
a g it or other more exact instrument

. po. , the angles "A Q, PB Q, P C Q, sut
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tended at those Btations by two well-defined pomtfl in lua

visible horizon, PQ, he will at once be advertised, by the

difference of the results, of his clmnge of distance from them

arising from his change of place, although that difference may

be so small as to produce no change in their ffeneral aspect to

his unassisted sight. This is one of the innumerable m.tanccs

where accurate measurement obtained by instrumental means

places us in a totally different situation in respect to matters

of fact, and conclusions thence deducible, from what we should

hold, were we to rely in all cases on the mere judgment ot

the eye. To so great a nicety have such observations been

curried by the aid of an instrument called a theodolite, that a

circle even a few inches in diameter imy thus be rendered

sensible, may thus be detected to have a size and an as-

certainable place, by reference to objects distant by fully

100,000 times its own dimensions. Observations, differing,

it is true, somewhat in method, but identical in pnncip e, and

executed with quite as much exactness, have been applied to

the stars, and with a result such a. has been already stated

Hence it follows, incontrovertibly, that the distance of he

stars from the earth cannot be so small as 100.000 of the

earth's diameters. It is, indeed, ^^^^^^P^^^^ ^^^jj"^
we shall hereafter find it fully demonstrated that the distance

just named, immense as it may appear, is yet much uuder-

'""(li) From such a distance, to a spectator Yrlth our fa-

tuities, and furnished with our instruments, the earth would
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the earth would

bo impercoptible ; and, reciprocally, an object of the earth's

size, placed at tho distance of the stars, would bo equally un-

dlscernible. If, therefore, at the point on which a spcotator

stands, we draw a plane touching the globe, and prolong it in

iujagiiiation till it attain the region of the stars, and through

the centre of the earth conceive another plane i)arullel to tho

former, and co-extensive with it, to pass; these, although

separated throughout their whole extent by the same interval,

viz. a semidiameter of tho earth, will yet, on account of tho

vast distance at which that interval is seen, bo confounded

together, and undistinguishable from each other in tho region

of tho stars, when viewed by a spectator on the earth. Tho

zone they there include will bo of evanescent breadth to his

eye, and will only mark out a great circle in tlu; heavens, one

and the same for both the stations. This great circle, when
spoken of as a circle of tho sphere, is called the celestial

horizon or simply the horizon, and the two planes just de-

scribed are also spoken of as the sensible and the rational

horizon of tho observer's station.

(75.) From what has been said (art. 73.) of tho distance of

the stars, it follows, that if we suppose a spectator at the

centre of the earth to have his view bounded by the rational

horizon, in exactly the same manner as that of a corresponding

spectator on the surface is by his sensible horizon, the two

observers will see the same stars in the same relative si-

tuations, each beholding that entire hemisphere of the heavens

which is above the celestial horizon, corresponding to their

common zenith. Now, so far as appearances go, it is clearly

the same thing whether the heavens, that is, all space with

its contents, revolve round a spectator at rest in the earth's

centre, or whether that spectator simply turn round in the

opposite direction in his place, and view them in succession.

The aspect of the heavens, at every instant, as referred to hia

horizon (which must be supposed to turn with him), will bo

tho same in both suppositions. And since, aa has been shown,

appearances are alao, ao far as the stars are concerned, the

same to a spectator on the surface aa to one at tho centre, it

follows that, whether wo suppose the heavens to revolve

• 9



54 OUTLINES OF ASTRONOMY.

without the earth, or the earth within the heavens, m the

opposite direction, the diurnal phenomena, to all its inhabitants,

will be no way different.

(76 ) The Copernican astronomy adopts the latter as the

true explanation of these phenomena, avoiding thereby the

necessity of otherwise resorting to the eumbrous mechanism

of a solid but invisible sphere, to which the stars must be

supposed attached, in order that they may be carried round

the earth without derangement of their relative situations tnttr

se Such a contrivance would, indeed, suffice to explain the

diurnal revolution of the stars, so as to "save appearances
; ''

but the movements of the sun and moon, as well as those of

the planets, are incompatible with such a suppos-tion, as will

appear when we come to treat of these bodies. On the

other hand, that a spherical mass of moderate dimensions (or,

rather, when compared with the surrounding and visible uni-

verse, of evanescent magnitude), held by no tie, and free to

move and to revolve, should do so, in conformity with those

<reneral laws which, so far as we know, regulate the motions

of all material bodies, is so far from being a postulate difficult

to be conceded, that the wonder would rather be should the

fact prove otherwise. As a postulate, therefore, we shall

henceforth regard it; and as, in the progress of our work,

analogies offer themselves in its support from what we ob-

serve of other celestial bodies, we shall not fail to point them

out to the reader's notice.
, i •

(77.) The earth's rotation on its axis so admitted, explain-

ing, as it evidently does, the apparent motion of the stars in

a completely satisfactory manner, prepares us for the further

admission of its motion, bodily, in space, should such a

motion enable us to explain, in a manner equaUy so, aie

apparently complex and enigmatical motions of the sun,

moon, and planets. The Copernican astronomy adopts this

idea in its full extent, ascribing to the earth, in addition to its

motion of rotation about an axis, also one of translation or

transference through space, in such a courre or orlit, and so

regulated in direction and celerity, as, taken in conjunction

with the motions of the other bodies of the universe, shaU
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render a rational account of the appearances they successively

present,— that is to say, an account of which the several parts,

postulates, propositions, deductions, intelligibly cohere, with-

out contradicting each other or the nature of things as

concluded from experience. In this view of the Copernican

doctrine it is rathor a geometrical conception than a physical

theory, inasmuch it simply assumes the requisite motions,

without attempting to explain their mechanical origin, or

assign them any dependence on physical causes. The New-
tonian theory of gravitation supplies this deficiency, and, by

showing that all the motions required by the Copernican con-

ception must, and that no others can, result from a single,

intelligible, and very simple dynamical law, has given 51

degree of certainty to this conception, as a matter of fact,

which attaches to no other creation of the human mind.

(78.) To understand this conception in its further develop-

ments, the reader must bear steadily in mind the distinction

between relative and absolute motion. Nothing is easier to per-

ceive than that, if a spectator at rest view a certain number

of moving objects, they will group and arrange themselves

to his eye, at ;"flh successive moment, in a very different

way from what they would do were he in active motion

among them,— if he formed one of them, for instance, and

joined in their dance. This is evident from what has been

said before of parallactic motion ; but it will be asked. How
is such a spectator to disentangle from each other the two

parts of the apparent motions of these external objects,— that

which arises from the effect of his own change of place, and

which is therefore only apparent (or, as a Gcnnan meta-

physician would say, subjective— having reference only to

him as pei'ceiving it),— and that which is real (or objective—
having a positive existence, whether perceived by him or

not) ? By what rule is he to ascertain, from the appearances

presented to him while himself in motion, what would be the

appearances were he at rest ? It by no means follows, indeed,

that he would even then at once obtain a clear conception

of all the motions of all the objects. The appearances so pre-

sented to him would have still something subjective about them.

E 4
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5(5 OUTLINES OP ASTBONOMY.

They would be sfiU appearances, not geometncal realities.

They would still have a reference to the point of view, which

mic^ht be very unfavourably situated (as, indeed, is the case

in our system) for affording a clear notion of the real move-

ment of each object. No geometrical figure, or curve, is seen

by the eye as it is conceived by the mind to exist in reality.

The laws of perspective interfere and alter the apparent di-

rections and foreshorten the dimensions of its several parts.

If the spectator be unfavourably situated, as, for instance,

nearly in the plane of th.. figure (which is the case we have to

deal with), they may do so to such an extent, as to make a

considerable effort of imagination necessary to pass from the

sensible to the real form.
^

(79.) Still, preparatory to this ultimate step, it is first ne-

cessary that the spectator should free or clear the appearances

from the disturbing influence of his own change of place.

And this he can always do by the foUowing general rule or

pioposition :
—

The relative motion of two bodies is the same as if either

yf them were at rest, and all its motion communicated to the

other in an opposite direction.
*

Hence, if two bodies move alike, they will, when seen

from each other (without reference to other near bodies, but

only to the starry sphere), appear at rest. Hence, also, if the

absolute motions of two bodies be uniform and rectihnear,

their relative motion is so also.

(80.) The stars are so distant, that as we have seen it is

absolutely indifferent from what point of the earth's surface we

view them. Their configurations inter se are identically the

same. It is otherwise with the sun, moon, and planets, which

are near enough (especiaUy the moon) to be parallacticalhj

displar d by change of station from place to place on our

globe. In order that astronomers residing on different pomts

• This Droposition is equivalent to the following, which precUely meets the

case Spo^edrbut requires somewhat more thought for .ts clear apprehension

than can perhaps he expected from a beginner :
—

Prop -// two hodL, A and B, be in motion independently of eajh other, the

-JZmB ,een frori A vooM appear to have if A were '^J^'^uth.an^

^hlhat which it would appear to have, A being in motxon, ./. m '«'*'7 '» ''' "^

Ztion,a motion equal to J. and in the ,am direction were commumcated to U.

11
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of the earth's surface should be able to compare their ob-

servations with eifect, it is necessary that they should clearly

understand and take account of this effect of the difference

of their stations on the appearance of the outward universe

as seen from each. As an exterior object seen from one

would appear to have shifted its place were the spectator

suddenly transported to the other, so two spectators, viewing

it from the two stations at the same instant, do not see it in

the same direction. Hence arises a necessity for the adoption

of a conventional centre of reference, or imaginary station

of observation common to all the world, to which each ob-

server, wherever situated, may refer (or, as it is called,

reduce) his observations, by calculating and allowing for the

effect of his local position with respect to that common centre

(supposing him to possess the necessary data). If there were

only two observers, in fixed stations, one might agree to refer

his observations to the other station ; but, as every locality

on the globe may be a station of observation, it is far more

convenient and natural to fix upon a point equally related to

all, as the common pomt of reference ; and this can be no

other than the centre of the globe itself. The parallactic

change of apparent place which would arise in an object,

could any observer suddenly transport himself to the centre

of the earth, is evidently the angle C S P, subtended at the

object S by that radius C P of the earth which joma its

centre and the place P of observation.

^i^^'M
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CHAPTEll 11.

TERMINOLOGY AND ELEMENTARY GEOMETRICAL CONCEPTIONS AND

RELATIONS. TERMINOLOGY RELATING TO THE GLOBE OF THE

EARTH TO THE CELESTIAL SPUEBE.— CELESTIAL PERSPEC-

TIVE.

(81.) Severai. of the terms in use among astronomers have

been explained in the preceding chapter, and others used anti-

cipatively. But the technical language of every subject

requires to be formally stated, both for consistency of usage

and definiteness of conception. We shall therefore proceed,

in the first place, to define a number of terms in perpetual

use, having relation to the globe of the earth and the celestial

sphere.

(82.) Definition 1. The axis of the eai-th is that dia-

meter about which it revolves, with a uniform motion, from

west to east ; performing one revolution in the interval which

elapses between any star leaving a certain point in the

heavens, and returning to the same point again.

(83.) Def. 2. The poles of the earth are the points where

its axis meets its surface. The North Pole is that nearest to

Europe ; the South Pole that most remote from it.

(^84.) Def. 3. The earth's equator is a great circle on its

surface, equidistant from its poles, dividing it into two hemi-

er-heres—a northern and a southern; in the midst of which

are situatod the respective poles of the earth of those names.

The plane of the equator is, therefore, a plane perpendicular

to the earth's axis, and passing through its centre.

(85.) Def. 4. The terrestrial meridian of a station on the

earth's surface, is a great circle of the globe passing through

both poles and through the place. The plane of the meridian

is the plane in which that circle lies.
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(86.) Dep. 5. The senaible and the rational horizon of any

station have been already defined in art. 74.

(87.) Def. 6. A meridian line is the line of intersection of

the plane of the meridian of any station with the plane of the

sensible horizon, and therefore marks the north and south

points of the horii;on, or the directions in which a spectator

must set out if he would travel directly towards the north or

south pole.

(88.) Dep. 7. The latitude of a place on the earth's surface

is its angular distance from the equator, measured on its own
terrestrial meridian : it is reckoned in degrees, minutes, and

seconds, from up to 90°, and northwards or southwards ac-

cording to the hemisphere the place lies in. Thus, the obser-

vatory at Greenwich is situated in 51° 28' 40" north latitude.

This definition of latitude, it will be observed, is to be con-

sidered as only temporary. A more exact knowledge of the

physical structure and figure of the earth, and a better ac-

quaintance with tlie niceties of aatrouomy, will render some

modification of its terms, or a different manner of considering

it, necessary.

(89.) Dep. 8. Parallels of latitude are small circles on the

earth's surface parallel to the <r^ [uator. Every point in such

a circle has the same latitude. Thus, Greenwich is said to

be situated in the parallel of 51° 28' 40".

(90.) Dep. 9. The longitude of a place on the earth's

surface is the inclination of its meridian to that of some fixed

station referred to as a point to reckon from. English astro-

nomers and geographers use the observatory at Greenwich for

this station ; foreigners, the principal observatories of their

respective nations. Some geographers have adopted the island

of Ferro. Hereafter, when we speak of longitude, we reckon

from Greenwich. The longitude of a place is, therefore,

measured by the arc of the equator intercepted between the

meridian of the place and that of Greenwich ; or, which is the

same thing, by the spherical angle at the pole included

be* """ these meridians.

(01.) As latitude is reckoned north or south, so longitude is

u.'iu:!''',' said to ))c reckoned west or east. It would add

y
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greatly, however, to systematic regularity, and tend much to

avoid confusion and ambiguity in computations, were tiiis

mode of expression abandoned, and longitudes reckoned inva-

riably westward from their origin round the whole circle from

to 360°. Thus, the longitude of Paris is, in common

parlance, cither 2° 20' 22" east, or 357° 39' 38" west of

Greenwich. But, in the sense in which we shall henceforth

use and recommend others to use the term, the latter is its

proper designation. Longitude is also reckoned in time at

the rate of 24 h. for 360°, or 15° per hour. In this system

the longitude of Paris is 23b .'Dm. 39^8.*

(92.) Knowing the longitude and latitude of a place, it

may be laid down on an artificial globe : and thus a map of

the earth may be constructed. Maps of particular countries

are detached portiois of this general map, extended into

planes ; or, rather, they arc representations on planes of such

portions, executed accord^^g to certain conventional systems

"of rules, called projections, the object of which is either to

distort as little as possible the outlines of countries from what

they are on the globe— or to establish easy means of ascer-

taining, by inspection or graphical measurement, the latitudes

and longitudes of places which occur in them, without re-

ferring to the globe or to books— or for other peculiar uses.

8oe Chap. IV.

(93.) Def. 10. The Tropics are two parallels of latitude,

one on the north and the other on the south side of the

equator, over every point of which respectively, the sun in

its diurnal course passes vertically on the 21st of March and

the 21st of September in every year. Their latitudes are

about 23° 28' respectively, north and south.

(94.) Def. 11. The Arctic and Antarctic circles are two

small circles or parallels of latitude as distant from the north

and south poles as the tropics are from the equator, that is

to say, about 23° 28'; their latitudes, therefore, are about

* To distinguish minutes and seconds of time from those of angular measure

we shall invariably adhere to the distinct system of nototien here adopted

(o ' ", and h. m. s.). Great confusion sometim-! arises from the practice ol

using the same marks for both.

%
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the tropics are continually shifting on the earth's surface,

though with extreme slowness, as will be explained in its

proper place.

(95.) Dep. 12. The sphere of the heavens or of the stars

is an imaginary spherical surface of infinite radius, having the

eye of any spectator for its centre, and which may be con-

ceived as a ground on which the stars, planets, &c., the visible

contents of the universe, are seen projected as In a vast

picture.
*

(96.) Def. 13. The polei of the celestial sphere are the

points of that imaginary sphere towards which the earth's

axis is directed.

(97.) Def. 14. The celestial equator, or, as it is often called

by astronomers, the equinoctial, is a great circle of the celestial

sphere, marked out by the indefinite extension of the plane

of the terrestrial equator.

(98.) Def. 15. The celestial horizon of any place is a great

circle of the sphere marked out by the indefinite extension of

the plane of any spectator's sensible or (which comes to the

"^me thing as will presently be shown), hisjational horizon,

c"?
(,i t' e case of the equator.

(^n.: Def. 16. The zenith and nadir] of a spectator are

the two pointP of the sphere of the heavens, vertically over

his head, and vertically under his feet, or the poles of

» The ideal sphere . UhouJ. m, to v/ioh vc refer the places of objects, and

,Khich we carry along w;«i i-. wherever we go, is no doubt intimately con-

rcted by a^ociation, if no, e, v.rely ^.pendent on that obscure Perception of

sensation in the retina, of c:- er^S of wh.ch, even when ° "^"^^"d unexc.ted,

we cannot entirely divest them. We have a real sphencal surface withm our

eves the seat of sensation and vision, corresponding, point for point, to the ex-

ternal sphere. On this the stars, &c. are really mapped down, us we l>ave sup-

posed them in the text to be, on the imaginary concave ov »he heavens. When

the whole surface of the retina is excited by light, habit leads us to associate it

with U.e idea of a real surface existing without us. Thus we become impressed

: : he notion of a .*y and a heaven }.ui the concave surface o the reUna itself

is the true seat of all vmble angular dimension and angular motion. The sub-

Itimion of the retina for the /«a,«n, would be awkward and inconveuient in

lan"u4"e, but it may always be mentally made. (See Schiller's pretty enigma

""hZ Ar:i^<;^rds:2. vertex. and <,Ma.«n -espondi^c. opp.^^
.o.

Nadir corresponds evidently to the German nudcr (down), whence our «rtAer.

iMM Mi Mm^
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distant from
the celestial horizon ; that is to say, points 90°

every point in it.

(100.) Def. 17. Vertical circles of the sphere are great

circles passing through the zenith and nadir, or great circles

perpendicular to the horizon. On these are measured the

altitudes of objects above the horizon— the complements to

which are their zenith distances.

(101.) Def. 18. The cdestial meridian of a spectator is the

great circle marked out on the sphere by the prolongation of

the plane of his terrestrial meridian. If the earth be sup-

posed at rest, this is a fixed circle, and all the stars are carried

across it in their diurnal courses from east to west. If the

stars rest and the earth rotate, the spectator's meridian, like

his horizon (art. 52.), sweeps daily across the stars from

west to east. Whenever in future we speak of the meridian

of a spectator or observer, we intend the celestial meridian,

which being a circle passing through the poles of the heavens

and the zenith of the observer, is necessarily a vertical circle,

and passes through the north and south points of the

horizon.

(102.) Def. 19. The prime vertical is a vertical circle per-

pendicular to the meridian, and which therefore passes through

the east and west points of the horizon.

(103.) Def. 20. Azimuth is the angular distance of a ce-

lestial object from the north or south point of the horizon

(according as it is the north or south pole which is elevated),

when the object is referred to the horizon by a vertical circle;

or it is the angle comprised between two vertical planes— one

passing through the elevated po e, the other through the

object. Azimuth may be reckonod eastwards or westwards,

from the north or south point, and is usually so reckoned

only to 180° either way. But to avoid confusion, and to

preserve continuity of interpretation when algebraic symbols

are used (a point of essential importance, hitherto too little

insisted on), we shall always reckon azimuth from the points

of the horizon most remote from the elevated pole, westward (so

as to agree in general directions with the apparent diurnal

motion of the stars), and carry its reckoning froia 0° to 360° if
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(104.) ! - "'.F. 21. The altitude of a heavenly body is its ap-

parent angular elevation above the horizon. It is the com-
plement to 90°, therefore, of its zenith distance. The alti-

tude and azimuth of an object being known, its place in the

visible heavens is determined.

(105.) Dep. 22. The declination of a heavenly body is its

angular distance from the equinoctial or celestial equator, or

the complement to 90° of its angular distance from the

nearest pole, which latter distance is called its Polar distance.

Declinations are reckoned plus or minus, according as the

object is situated in the northern or southern celestial hemi-

sphere. Polar distances are always reckoned from the North
Pole, from 0° up to 180°, by which all doubt or ambiguity

of expression with respect to sign is avoided.

(106.) Def. 23. Hour circles of the sphere, or circles of

declination, are great circles passing through the poles, and

of course perpendicular to the equinoctial. The hour circle,

passing through any particular heavenly body, serves to

refer it to a point in the equinoctial, as a vertical circle does

to a point in the horizon.

(107.) Def. 24. The hour angle of a heavenly body is the

angle at the pole included between the hour circle passing

through the body, and the celestial meridian of the place of

observation. We shall always reckon it positively/ from the

upper culmination (art. 125.) westwards, or in conformity

with the apparent diurnal motion, completely round the

circle from 0° to 360°. Hour angles, generally, are angles

included at the pole between different hour circles.

(108.) Def. 25. The right ascension of a heavenly body

is the arc of the equinoctial included between a certain point

in that circle called the Vernal Equinox, and the point in the

same circle to which it is referred by the circle of declination

passing through it. Or it is the angle included between two
hour circles, one of which passes through the vernal equinox

(and is called the equinoctial colure), the other through the
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body. How the place of this init po'nt on the equinoctial

18 determined, will bo explained I'l =-th. 'i

(109.) The right ascensiona of celc«t, .bject^ arc always

reckoned eastwards from the cr,uinox. und are estimated

cither in degrees, minutes, and s, .onds. as m ''"^^^ «^

terrestrial bngitudes, from 0° t. .)fiO% winch o>mple he

circle : or, in time, in hours, minutes, and seconds, from <)h.

to 2lh. The apparent diurnal n.otion of tue h .vens being

contrary to the real motion of the eartl. thia is in ^onformity

with the westward reckoning of longituJeu. ( Vil. « I.;

(110.) Sidereal time U reckoned by the aiurnal motion ot

the stars, or rather of that point in the equinoctial from

which right ascensions are reckoned. This poiat may be

Tonsidered as a star, though no star is, in ^.ct there; and,

moreover, the point itself is liable to a certa- >
slow var ion,

—so slow however, as not to aifcct, percept ibi) ' '
_ai,

of any two of its successive returns to the me. mis

Lerval is called a sidereal day, and is divided mte sidere^

hours, and these again into minutes and sec* Is. A ciocK

which marks sidereal time, i. e. which goes at such a rate as

always to show Oh. Om. Oa. when the equinox comes on the

';, riLn, is caUed a sidereal clock, and is an ^dispensable

piece of furniture in every observatory. ««"««
f^ ^"/^

an^le of an object reduced to time at the rate of 15 per

ho^, expresses the interval of sidereal tune by which (if

its reckoning be positive) it has past the meridian
;
or it

negative, the time it wants of arriving at the meridian of the

pkce of observation. So also the right
^^'^'^^\f^!i;^-

ect, if converted into time at the same rate (since 360 being

dcB ribed uniformly in 24 hours, 15° must be so described

in 1 hour), will express the interval of sidereal time wh ch

elapses from the passage of the vernal eqmnox ax^ross the

meridian to that of the object next subsequent.

(111.) As a globe or maps may bo made of the who e or

particular regions of the surface of the earth so also a gbbe,

or general map of the heavens, as weU as charts of particu-

lar parts, may be constructed, and the stars laid down m

their proper s tuations relative to each other, and to the poles
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.ftheheu t and the celestial equat Such a representa-

ion, oncj m '<1e, will exhibit a true a^^-earanco of the stars

as they
I
icsent themselves in succession to every spectator

on the surface, or as tlicy may be conceived to be seen at

on' by one at the centre of the globe. It is, therefore, in-

dependent of all geographical localities. There will occur in

such a representation neither zenith, nadir, nor horizon —
neither east nor west poii i ; and although great circles may

be drawn on it from pole t > pole, ii-esponding to terrestrial

»oint of view, be re-

points on the earth's

\irnal revolution, every

iuem. It is on account of

with a view to establish a

two branches of Geography

meridians, they can no lon<^'o

garded as the celestial mci idi:

surface, since, in the course

point in it passes beneath ea

this change of conception,

complete distinction between tl

and Uranography*, that astronomers have adopted different

terms, (viz. declination and right ascension) to represent those

arcs in the heavens which correspond to latitudes and longi-

tudes on the earth. It is for this reason that they term the

equator of the heavens the equinoctial ; that what are me-

ridians on the earth are called hour circles in the heavens,

and the angles they include between them at the poles are

called hour angles. All this is convenient and intelligitie ;

and had they been content with this nomenclature, no con-

fusion could ever have arisen. Unluckily, the early astro-

nomers have employed also the words latitude and longitude

in their uranography, in speaking of arcs of circles not cor-

responding to those meant by the same words on the earth,

but having reference to the motion of the sun and planeta

among the stars. It is now too late to remedy this confusion,

which is ingrafted into every existing work on astronomy

:

we can only regret, n 1 warn the reader of it, that he may

be on his guard w^ , at a m i-e advanced period of our work,

we shall have oc ision to detine and use the terms in their

celestial sense, at the same time urgently recommendmg to

future writers the adoption of others in their places.

* rih the earth ; ypa^tw, to describe or represent ; ovpavos, tlie heaveii.

_^
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nu.) It rcmaiiis to illu^tmto these descriptions by rc-

fcrenco to » figure. Let C be the centre of the earth, N C S

,tB axis; then are N and S its poes;^ Q is equator; AB

the parallel of latitude of the station A on its surface A P

parallel to S C N, the direction in which an observer at A will

Lc the elevated pole of the heavens ; and A Z, the prolonga-

tion of the terrestrial radius C A. that of h.s zenith. N A L &

^ "Sbe his meridiMi; NGS that of some fi-d station as

^
. ^lenwich ; and G E, or the spherical angle G N E, his lon-

^tude, and E A his latitude. Moreover, if «. be a plane

fouchi^g the surface in A. this will be his ^e-bk horizon

;

„ A s marked on that plane by its intersection with hiB me-

ridian will be his meridian line, and n and s the north and

south points of his horizon. . .

(113.) Again, neglecting the size of the earth, or conceiving

him stationed at its centre, and referring every tbng to his

,.a«o„aZ horizon; let the annexed figure represent the sph re

of the heavens', C the spectator; Z his zenith; and N hs

'^, nadir: thenwiUHAO a great circle of the sphere whose

Doles are Z N, be his celestial horizon; Vp the elevated and

'dteZlls of the heavens; HP the altitu^ of the p<^e,

and H P Z E O his meridian ; E T Q, a great cirdle perpen-

dicular to Vp, wiU be the equinoctial;
-^^^^J -PX^J^'

equinox, T T will be the right ascension, T S the dech mc- „



iona by ro-

aith, N C S

VW

equator; AB
Hurface; AP
jrver at A will

the prolonga-

ith. NAES
ted station, aa

r N E, hia lon-

is be a plane

isible horizon

;

a with hia me-

the north and

I, or conceiving

ry thing to his

sent the sphere

th; and N his

I sphere, whose

he elevated and

tude of the pole,

, cirde perpen-

T represent the

the decV Mc-i^r,

'.f^pWMW .,m,t



.n> '^T.'i

vx.-^ ^

IMAGE EVALUATION
TEST TARGET (MT-3)

V.

A t/a

%

«'t
I

1.0

I.I

Ijfi 1^ 112.2

1.8

L25 lU 11.6

I.

7

/3

MJL.:.Mn«lM

Hiotographic

Sciences
Corporation

23 WEST MAIN STREET

WEBSTER, N.Y. '4580

{716)872-4503

I
:



^',

S

'

\

K̂

CIHM/ICMH
Microfiche
Series.

CIHM/ICMH
Collection de
microfiches.

Canadian Institute for Historical MIcroreproductlons / Instltut Canadian de microreproductions historlques





CELESTIAL PEUSPECTIVE. 67

and P S the polar distance of any star or object S, referred

to the equinoctial by the hour circle PSTja; and BSD
B 7.

will be the diurnal circle it will appear to describe about the

pole. Again, if we refer it to the horizon by the vertical

circle Z S M, OM will be its azimuth, M S its altitude, and

Z S its zenith distance. H and O are the north and south,

e w the east and w est points of his horizon, or of the heavens.

Moreover, if H A, O o, be small circles, or parallels of decli-

nation, touching the horizon in its north and south points,

H h will be the circle of perpetual apparition, between which

and the elevated polo the stars never set ; O o that oipef-

petual cccultation, between which and the depressed pole they

never rise. In all the zone of the heavens between H h and

O 0, they rise and set ; any one of them, as S, remaining

above the horizon in that part of its diurnal circle repre-

sented by a B A, and below it throughout all the part repre-

sented by A D a. It will exercise the reader to construct

this figure for several different elevations of the pole, and for a

variety of positions of ihe star S in each^

(114.) Celeptial perspective is that branch of the general

science of perspective which teaches us to conclude, from a

knowledge of the real situation and forms of objects, lines,

angles, motions, &c. with respect to the spectator, their ap-

parent ill|)ects, as seen by him projected on the imaginary

concave of the heavens ; and, vice versa, from the apparent

configurations and movements of objects so seen projected,

F 2.
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68 OUTLINES OF ASTRONOMY.

to conclude, so far as they can be thence concluded, their

real geometrical relations to each other and to the spectator.

It a-rees with ordinary perspective when only a small visual

area^is contemplated, because the concave ground oi the

celestial sphere, for a small extent, may be regarded as a

plane surface, on which objects arc seen projected or depic ed

us in common perspective. But when large amplitudes of the

visual area are considered, or when the whole contents of

space arc regarded as projected on the whole interior surface

of the sphere, it becomes necessary to use a difterent_ ph .a-

soology, and to resort to a different form of conception In

common perspective there is a single "point of sight, or

"centre of the picture," the visual line from the eye to

which is perpendicular to the « plane of the picture, and al

straight lines are represented by straight lines. In celestia

perspective, every point to which the view is for the moment

directed, is equally entitled to be considered as the centre

of the picture," every portion of the surface of the sphere being

similarly related to the eye. Moreover, every straight bne

(supposed to be indefinitely prolonged) is projected into a

semicircle of the sphere, that, namely, in which a plane passing

throuo-h the line and the eye cuts its surface. And every

system of parallel straight lines, in whatever dbection, is pro-

iected into a system of semicircles of the sphere, meeting in

two common apexes, or vanishing points, diametrically op-

posite to each other, one of which corresponds to the vanishing

point af parallels in ordinary perspective; the other m such

perspective has no existence. In other words, every point m

the sphere to which the eye is directed may be regarded a^ one

of the vanishing points, or one apex of a system of straight

lines parallel to that radius of the sphere which passes through

it or to the direction of the Une of sight, seen in perspective

from the earth, and the point diametrically opposite, or that

from which he is looking, as the other. And any great circle

of the sphere may similarly be regarded as the vanishing circle

of a system of planes, parallel to its own. ^
, . u

(115.) A famihar illustration of this is often to be had by

attending to the lines of light seen in the air, when the sun's
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when the sun's

rays are darted through apertures in clouds, the sun itself

being at the time obscured behind them. These lines which,

marking the course of rays emanating from a point almost

infinitely distant, are to be considered as parallel straight lines,

are thrown into great circles of the sphere, having two apexes

or points of common intersection— one in the place where
the sun itself (if not obscured) would be seen, the other di-

ametrically opposite. The first only is most commonly sug-
gested when the spectator's view is towards the sun. But
in mountainous countries, the phenomenon of sunbeams
converging towards a point diametrically opposite to the sun,

and as much depressed below the horizon as the sun is elevated

above it, is not unfrequently noticed, the back of the spectator

being turned to the sun's place. Occasionally, but much
more rarely, the whole course of such a system of sunbeams,
stretching in semicircles across the hemisphere from horizon

to horizon (the sun being near setting), may be seen.* Thus
again, the streamers of the Aurora Borealis, which are doubt-
less electrical rays, parallel, or nearly parallel to each other,

and to the dipping needle, usually appear to diverge from the

• jint towards which the needle, freely suspended, would dip

northwards {i. e. about 70° below the horizon and 23° west of
north from London), and in their upward progress pursue
the course o' great circles till they again converge (in ap-

pearance) towards the point diametrically opposite (i. e. 70°

above the horizon, and 23° to the eastward of south),

forming a sort of canopy over head, having that point for its

centre. So also in the phenomenon of shooting stars, the

lines of direction which they appear to take on certain xe-

inarkable occasions of periodical recurrence, are observed, if

• It is in such oases only that we conceive them as circles, the ordinary conven-
tions of plane perspective becoming untenable. The author had the good fortune
to witness on one occasion the phenomenon described in the text under circum-
stances of more than usual grandeur. Approaching Lyons from the south on
Sept. 30. 1826, about S^h. p.m., the sun was seen nearly retting behind broken
masses of stormy cloud, from whose apertures streamed forth beams of rose-
coloured lUfe^, traceable all across the hemisphere almost to their opposite point
of convergHTce behind the snowy precipices of Mont Blanc, conspicuously
visible at nearly 100 miles to the eastward. The impression produced was that
of another but feebler sun about to rise from behind the mountain, and dnrtin^
forth precursory beams to meet those of the real one Oi>positc.

F 3
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prolonged backwards, apparently to meet nearly in one point

of the sphere ; a certain indication of a general near approach

to parallelism in the real directions of their motions on those

occasions. On which subject more hereafter.

(116.) In relation to this idea of celestial perspective, we

may conceive the north and aouth poles of the sphere aa the

* two vanishing points of a system of lines parallel to the axis

ot the earth ; and the zenith and nadir of those of a system

of perpendiculars to its surface at the place of observation,

&c. It will be shown that the direction of a plumb-line at

every place is perpendicular to the surface of still water at

that place, which is the true horizon; and though mathe-

matically speaking no two plumb-lines are exactly parallel

(since they converge to the earth's centre), yet over very

small tracts, such as the area of a building— in one and the

same town, &c., the difference from exact parallelism is so

small that it may be practically disregarded. * To a spec-

tator looking upwards such a system of plumb-lines will ap-

pear to converge to his zenith ; downwards, to his nadir.

(117.) So also the celestial equator, or the equinoctial, must

be conceived as the vanishing circle of a system of planes pa-

rallel to the earth's equator, or perpendicular to its axis. The

celestial horizon of any spectator is i ' like manner the

vanishing circle of all planes parallel to liis true horizon, of

which planes his rational horizon (passing through the earth's

centre) is one, and his sensible horizon (the tangent plane of

his station) another.

(118.) Owing, however, to the absence of all the ordmary

indications of distance which influence our judgment in re-

spect of terrestrial objects; owing to the want of determinate

figure and magnitude in the stars and planets as commonly

Been— the projection of the celestial bodies on the ground of

the heavenly concave is not usually regarded in this its true

light of a perspective representation or picture, and it even re-

quires an eiFort of imagination to conceive them in their true

relations, as at vastly different distances, one behind|||e other,

• An interval of a mile corresponds -to a convergence of plumb-lines amount-

ing to somewhat less space than a minute.
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ELEMENTAUY RELATIONS. 71

and forming with one another lines of junction violently fore-

shortened, and including angles altogetlier differing from

those which their projected representations appear to make.

To do so at all with effect presupposes a knowledge of their

actual situations in space, which it is the business of astro-

nomy to arrive at by appropriate considerations. But the

connections which subsist among the several parts of the pic-

ture, the purely geometrical relations among the angles and
sides of the spherical triangles of which it consists, constitute,

under the name of Uranoraetry*, a preliminary and sub-

ordinate branch of the general science, with which it is

necessary to be familiar before any further progress can bo

made. Some of the most elementary and frequently oc-

curring of these relations we proceed to explain. And first,

as immediate consequences of the above definitions, the fol-

lowing propositions will be borne in mind.

(119.) The altitude of the elevated pole is equal to the lati-

tude of the spectator's geographical station.

For it appears, see Jig. art. 1 1 2., that the angle P A Z be-

tween the pole and the zenith is equal to N C A, and the angles

Z A n and N C E being right angles, we have P A ra=A C E.

Now the former of these is the elevation of the pole as seen

from E, the latter is the angle at the earth's centre subtended

by the arc E A, or the latitude of the place.

(120.) Hence to a spectator at the north pole of the earth,

the north pole of the heavens is in his zenith. As he travels

southward it becomes less and less elevated till he reaches

the equator, when both poles are in his horizon—south of

the equator the north pole becomes depressed below, while

the south rises above his horizon, and continues to do so till

the south pole of the globe is reached, when that of the

heavens will be in the zenith.

(121.) The same stars, in their diurnal revolution, come to

the meridian, succefsivelg, of every place on the globe once
in twenty-four sidereal hours. And, since the diurnal ro-

tation isstoniform, the interval, in sidereal time, which elapses

Ou(jo"o», the heavens ; litrpttv, to measure : the measurement of the
heavens.

B 4
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between the same star coming upon the meridians of two

different places is measured by the difference of longitudes

of the places.

(122.) Vice versd— the interval elapsing between two dif.

ferent stars coming on the meridian of one and the same place,

expressed in sidereal tiiiie, is the measure of the difference of

right ascensions of the stars.

(123.) The equinoctial intersects the horizon in the east

and west points, and the meridian in a point whose altitude

is equal to the co-latitude of the place. Thus, at Greenwich,

of which the latitude is 61° 28' 40", the altitude of the in-

tersection of the equinoctial and meridian is 38° 31' 20".

The north and south poles of the heavens are the poles of

the equinoctial. The east and west points of the horizon of a

spectator are the poles of his celestial meridian. The north

and south points of his horizon are the poles of his prime ver-

tical, and his zenith and nadir are the poles of his horizon.

(124.) All the heavenly bodies culminate (i. e. come to their

greatest altitudes) on the meridian ; which is, therefore, the

best situation to observe them, being least confused by the

inequalities and vapours of the atmosphere, as well as least

displaced by refraction.

(125.) All celestial objects within the circle of perpetual

apparition come twice on the meridian, above the horizon, in

every diurnal revolution ; once above and once below the pole.

These are called their upper and lower culminations.

(126.) The problems of uranometry, as we have described

it, consist in the solution of a variety of spherical triangles,

both right and oblique angled, according to the rules, and

by the formulae of spherical trigonometry, which we suppose

known to the reader, or for which he will consult appropriate

treatises. We shall only here observe generally, that in all

problems in which spherical geometry is concerned, the student

will find it a useful practical maxim rather to consider the

poles of the great circles which the question before him refers

to than the circles themselves. To use, for example, in the

relations he has to consider, polar distances rather than de-

clinations, zenith distances rather than altitudes, &c. Bear-
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ing this in mind, there are few problems in urnnometry which

will offer any difficulty. The following are the combinations

which most commonly occur for solution when the place of

one celestial object only on the sphere is concerned.

(127.) In the triangle Z P S, Z is the zenith, P the

elevated pole, and S the star, sun, or other celestial object.

In this triangle occur, 1st, P Z, which being the comple-

ment of P H (the altitude of the pole), is obviously the com-

plement of the latitude (or the co-lntitude, as it is called) of

the place ; 2d, P S, the jwlar distance, or the complement of

the declination [co-declination) of the star; 3d, Z S, the

zenith distance or co-altitude of the star. If P S be greater

than 90°, the object is situated on the side of the equinoctial

opposite to that of the elevated pole. If Z S be so, the ob

ject is below the horizon.

In the same triangle the angles are, 1st, Z P S the hour

angle ; 2d, P Z S (the supplement of S Z O, which latter

is the azimuth of the star or other heavenly body), 3d, P S Z,

an angle which, from the infrequency of any practical re-

ference to it, has not acquired a name.*

The following five astronomical magnitudes, then, occur

among the sides and angles of this most useful triangle : viz.

Ist, The CO -latitude of the place of obscvation ; 2d, the

polar distance ; 3d, the zenith distance ; 4th, the hour angle

;

and 5th, the sub-azimuth (supplement of azimuth) of a given

celestial object ; and by its solution therefore may all pro-

blems be resolved, in which three of these magnitudes are

directly or indirectly given, and the other two required to bo

found.

(128.) For examrle, suppose the time of rising or setting

of the sun or of a , t were required, having given its right

ascension and polar d: stance. The star rises when apparently

on the horizon, or really about 34' below it (owing to refrac-

tion), so that, at the moment of its apparent rising, its zenith

• In the practical discussion of the measures of double stars and other objects

by the aid of the position micrometer, this angle is sometimes required to be

known ; and, when so required, it will be not inconveniently referred to as ' the

angle of position of the' zenith."

V
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distance is 90° 34'= ZS. Its polar dlstanco PS being alao

civcn, and the co-latitude ZP of the place, we Lave given

B Z
\

the three sides of the triangle, to find the hour angle Z P S,

which, being known, is to be added to or subtracted from the

star's right ascension, to give the sidereal time of setting or

rising, which, if we please, may be converted into solar time

by the proper rules and tables.

(129.) As another example of the use of the same triangle,

we may propose to find the local sidereal time, and the latitude

of the place of observation, by observing equal altitudes of the

same star eaat and west of the meridian, and noting the interval

of the observations in sidereal time.

The hour angles corresponding to equal altitudes of a fixed

star being equal, the hour angle east or west will be measured

by half the observed interval of the observations. In our

triangle, then, we have given this hour angle Z P S, the polar

distance P S of the star, and Z S, its co-altitude at the moment

of obpcrvation. Hence we may find P Z, the co-latitude of

the place. Moreover, the hour angle of the star being known,

and also its right ascension, the point of the equinoctial is

known, which is on the meridian at the moment of observa-

ation ; and, therefore, the local sidereal time at that moment.

This is a very useful observation for determining the latitude

and time at an unknown staiion.

-llPnrllri
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CHAPTER III.*

or THE NATCKE OP ASTHONOMICAL INSTRUMENTS AND OnSERVA-

TI0N8 IN OENERAI.. OP SIDEREAL AND SOLAR TIME.— OF TUB

MEASUREMENTS OP TIME. CLOCKS, CHRONOMETERS.— OP AS-

TUONOMICAL MEASUREMliNTS.—PRINCIPLE OP TELESCOPIC SIGHTS

TO INCREASE THE ACCURAOT OP POINTING.— SIMPLEST APPLICA-

TION OF THIS PRINCIPLE.— THE TRANSIT INSTRUMENT.—OP THK

MEASUREMENT OP ANGULAR INTERVALS METHODS OF INCREAS-

ING THE ACCURACT OF READING.— THE VERNIER.— THE MICRO-

gCOPK. OF THE MURAL CIRCLE. THE MKRIDIAN CIRCLE.

FIXATION OF POLAR AND HORIZONTAL POINTS. THE LEVEL,

PLUMB-LINE, ARTIFICIAL HORIZON PRINCIPLE OP COLLIMATION.

—COLLIMATORS OF RITTENHOUSE, KATER, AND BOHNENBERGER.

OF COMPOUND INSTRUMENTS WITH CO-ORDINATE CIRCLES. TUB

EQUATORIAL, ALTITUDE, AND AZIMUTH INSTRUMENT. THEO-

DOLITE. OP THF. SEXTANT AND REFLECTING CIRCLE.— PRIN-

CIPLE OF REPETITION.— OP MICROMETERS. PARALLEL WIRE

MICROMETER.— PRINCIPLE OP THE DUPLICATION OP IMAGES.

TllE HELIOMETER. DOUBLE REFRACTING ETE-PIECE.— VARU-

BLE PRISM MICROMETER.—OP THE POSITION MICROMETER.

—

ILLUMINATION OF WIRES. SOLAR TELESCOPE AND EYE-PIECE

HELIOSCOPT.— COLLIMATION OP LARGE REFLECTORS.

(1 30.) Our first chapters have been devoted to the acquisition

chiefly of preliminary notions respecting the globe we inhabit,

its relation to the celestial objects which eurroimd it, and the

physical circumstances under which all aatronomical observa-

tions must be made, as well as to provide ourselves with a

stock of technical words and elementary ideas of most frequent

and familiar use in the sequel We might now proceed to a

more exact and detailed statement of the facts and theories

of astronomy ; but, in order to do thb with full effect, it will

be desirable that the reader be made acquainted with the

• The student who is anxious to become acquainted with the chief subject

matter of this work, may defer the reading of that part of this chapter which is

devoted to the description of particular instruments, or content himself with a

cursory perusal of it, until farther advanced, when it will be necessary to return

to it.
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principal means which aBtronomcra possess, of determining,

with the degree of nicety their theories require, the data on

which tliey ground their conclusions ; in other words, of as-

certaining by measurement the apparent and real miignitu<les

with which they arc conversant. It is only when in pos-

eession of this knowledge that he can fully opprctiate cither

the truth of the theori' s themselves, or the degree of reliance

to be placed on any oi their conclusions antecedent to trial

:

Binco it is only by knowing what amount of error can cer-

tainly bo perceived and distinctly measured, that he can

satisfy himself wh l>er any theory offers so close an approx-

imation, in its nuuiorical results, to actual phenomena, as will

justify him in rc(!civing it as a true representation of nature.

(131.) Astronomical instrument-making may be justly

regarded as the most refined of the mechanical arts, and that

in which the nearest approach to geometrical precision is re-

(luircd, and has been attained. It may be thought an easy

thing, by one unacquainted with the niceties required, to turn

a circle in metal, to divide its circumference into 360 equal

parts, and these again into smaller subdivisions,— to place it

accurately on its centre, and to adjust it in a given position ;

but practically it is found to be one of the most difficult.

Nor will this appear extraordinary, when it is considered that,

owing to the application of telescopes to the purposes of an-

gular°mea8urement, every imperfection of structure or divi-

sion becomes magnified by the whole optical power of that

instrument ; and that thus, not only direct errors of work-

manship, arising from unsteadiness of hand or imperfection of

tools, but those inaccuracies which originate in far more

uncontrollable causes, such as the unequal expansion and

contraction of metallic masses by a change of temperature,

and their unavoidable flexure or bending by their own weight,

become perceptible and measurnhle. An angle of one minute

occupies, on the circumference of a circle of 10 inches in

radius, only about ^J-^th part of an inch, a quantity too small

to be certainly dealt with without the use of magnifying

glasses; yet one minute is a gross quantity in the astro-

nomical measurement of an angle. With the instniments
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now ein[)loycd in observatories, a single second, or the 00th

part of a minute, is rendered a distinctlj visible and apprcti-

ablc quantity. Now, the arc of a circle, subtended by ono

eoooml, irt less than the 2n0,000th part of the radius, so that on

a (;iri:lc of 6 feet in diameter it would occupy no greater linear

extent ihan yyVnt'* P*"^* °^ *" *"'''' » " quantity requiring a

powerful microscope to bo discerned at all. Let any one

figure to himself, therefore, the difficulty of [)lacing on the

circumference of a metallic circle of such dimensions (sup-

])08ing the difficulty of its construction surmounted), 360

marks, dots, or cognizable divisions, which shall all be true to

their plm s within such narrow limits ; to say nothing of the

subdivision of the degrees so marked off into minutes, and of

these again into seconds. Such a work has probably baffled,

and will probably for ever continue to baffle, the utmost

stretch of human skill and industry ; nor, if executed, could

it endure. The ever varying fluctuations of heat and cold

have a tendcmcy to produce not merely temporary and

transient, but permanent, uncf pensatcd changes of form in

nil considerable masses of tliose metals which alone are applic-

able to such uses ; and their own weight, however symmetri-

cally formed, must always be unequally sustained, since it is

impossible to apply the sustaining power to evai/ part sepa-

rately: even could this be done, at all events force must bo

used to move and to fix them ; which can never be done with-

out producing temporary and risking permanent change of

form. It is true, by dividing them on their centres, and in

the identical places they are destined to occupy, and by a

thonaand ingenious and delicate contrivances, wonders have

been accomplished in this department of art, and a degree of

perfection has been given, not merely to chefs doeuvre, but to

instruments of moderate prices and dimensions, and in ordi-

nary use, which, on due consideration, must appear very

surprising. But though we are entitled to look for wonders

at the hands of scientific artists, we are not to expect miracles.

The demands of the astronomer will always surpass the power

of the artist ; and it must, therefore, be instantly the aim

of the former to make himself, as far as po. ble, independent

i."
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I*'"

of the imperfections incident to every work the latter can

place in his hands. He must, therefore, endeavour bo to

combine his observations, so io choose his opportunities, and

so to familiarize himself with aU the causes which may pro-

duce instrumental derangement, and with all tho peculiarities

of structure and material of each instrument he possesses, as

not to allow himself to be misled by their errors, but to ex-

tract from their indications, as far as possible, all that is true,

and reject all that is erroneous. It is in this that the art of

the practical astronomer consists,— an art of Itself of a curious

and intricate nature, and of which we can here only notice

some of the leading and general features.

(132.) The great aim of the practical astronomer being

numerical correctness in the results of instrumental measure-

ment, his constant care and vigilance must be directed to the

detection and compensation of errors, either by annihilating,

or by taking account of, and allowing for them. Now, if we

examine the sources from which errors may arise in any in-

strumental determination, we shall find them chiefly reducible

to three principal heads :
—

(133.) Ist, External or incidental causes of error; com-

prehending those which depend on external, uncontrollable

circumstances: such as, fluctuations of weather, which disturb

the amount of refraction from its tabulated value, and, bemg

reducible to no fixed Law, induce uncertainty to the extent

of their own possible magnitude ; such as, by varying the

temperature of the air, vary also the form and position of the

instruments used, by altering the relative magnitudes and the

tension of their parts ; and others of the like nature.

(134.) 2dly, Errors of observation: such as arise, for ex-

ample, from inexpertness, defective vision, slowness in seizing

the exact instant of occurrence of a phenomenon, or preci-

pitancy in anticipating it, &c. ; from atmospheric indistinct-

ness ; insufficient optical power in the instrument, and the

like. Under this head may also be classed all errors arising

from momentary instrumental derangement,— slips in clamp-

ing, looseness of screws, &c.

(135.) 3dly, The third, and by far the most numerous class
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of errors to which astronomical meiisurements are liable, ariso

from causes which may be deemed instrumental, and which

may be subdivided into two principal classes. The j'Jr*^ com-

prehends those which arise from an instrument not beingi what

it professes to be, which is error of workmanship. Thus, if

a pivot or axis, instead of being, as it ought, exactly cylin-

drical, be slightly flattened, or elliptical,— if it be not exactly

(as it is intended it should be) concentric Avith the circle it

carries ;— if this circle (so called) be in reality not exactly

circular, or not in one plane ; — if its divisions, intended to

be precisely equidistant, should be placed in reality at un-

equal intervals,— and a hundred other things of the same

sort. These are not mere speculative sources of error, but

practical annoyances, which every observer has to contend

with.

(136.) The other subdivision of instrumental errors com-

prehends such as arise from an instrument not being placed

in the position it ought to have ; and from those of its parts,

which are made purposely moveable, not being properly dis-

posed inter se. These are errors of adjustment. Some are

unavoidable, as they arise from a general unsteadiness of the

soil or building in which the instruments are placed ; which,

though too minute to be noticed in any other way, become

appretiable in delicate astronomical observations : others,

again, are consequences of imperfect workmanship, as where

an instrument once well atljusted will not remain so, but

keeps deviating and sliifting. But the most important of this

class of errors arise from the non-existence of natural indica-

tions, other than those afforded by astronomical observations

themselves, whether an instrument has or has not the exact

position, with respect to the horizon and its cardinal points,

the axis of the earth, or to other principal astronomical lines

and circles, which it ought to have to fulfil properly its objects.

(137.) Now, with respect to the first two classes of error,

it must be observed, that, in so far as they cannot be reduced

to known laws, and thereby become subjects of calculation

and due allowance, they actually vitiate, to their full extent,

the results of any observations in which they subsist. Being,

IS.i
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however, in their nature casual and accidental, their effect

necessarily lie sometimes one way, sometimes the other

;

sometimes diminishing, sometimes tendmg to mcrease the re-

sults. Hence, by greatly multiplying observations under

varied circumstances, by avoiding unfavourable, and taking

advantage of favourable circumstances of weather, or other-

wise using opportunity to advantage- and finally, by akmg

the mea: or average of the results obtained th- class of

errors may be so far subdued, by setting them to destroy one

another, as no longer sensibly to vitiate ^^'^^^<>f'fjl
practical conclusion. This is the great and mdeed only

resource against such errors, not merely to the astronomer, .

but to the investigator of numerical results m every depart-

ment of physical research.

nSS ) With regard to errors of adjustment and work-

manship, not only the possibility, but the certainty of their ex-

"tencc'in every imaginable form, in all instruments must be

contemplated. Human hands or machines "«^«; ^^^^^^^
J^

circle, drew a straight line, or erected a perpendicular, nor

ever placed an instrument in perfect adjustment, uniess acci-

dentily; and then only during an instant of time. This

does not prevent, however, that a great approximation to aU

theL desLata should be attained. But it is the peculiarly

of astronomical observation to be the ulttmate means of de-

tection of aU mechanical defects which elude by their mi-

nuteness every other mode of detection. What the eye

cannot discern nor the touch perceive, a course of astronomica

oCrvations will make distinctly evident The imperfect

products of man's hands are here tested by bemg brought into

comparisonundervery great magnifying
powers(correspondi^

in effect to a great increase in acuteness of perception) with

the perfect v^orkmanship of nature; and there is none which

will bear the trial. Now, it may seem like arguing in a

vicious circle, to deduce theoretical conclusions and laws from

observation, and then to turn round upon the instruments

with which those observations were made, accuse them of im-

perfection, and attempt to detect and rectify their errors by

Lns of the very laws and theories which they have helped

I

;
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US to a knowledge of. A little consideration, however, will

suffice to show that such a course of proceeding is perfectly

legitimate.

(139.) The steps by which we arrive at the laws of natural

phenomena, and especially those which depend for their veri-

fication on numerical determinations, are necessarily suc-

cessive. Gross results and palpable laws are arrived at by

rude observation with coarse instruments, or without any in-

struments at all, and are expressed in language which is not

to be considered as absolute, but is to be interpreted with a

degree of latitude commensurate to the imperfection of the

observations themselves. These results are corrected and re-

fined by nicer scrutiny, and with more delicate means. The

first rude expressions of the laws which embody them are

perceived to be inexact. The language used in their ex-

pression is corrected, its terms more rigidly defined, or fresh

terms introduced, until the new state of language and termi-

nology is brought to fit the improved state of knowledge

of facts. In the progress of this scrutiny subordinate laws

are brought into view which still further modify both the

verbal statement and numerical results of those which first

offered themselves to our notice ; and when these are traced

out and reduced to certainty, others, again, subordinate to

them, make their appearance, and become subjects of further

inquiry. Now, it invariably happens (and the reason is

evident) that the first glimpse we catch of such subordinate

laws— the first form in which they are dimly shadowed out

to our minds— is that of errors. We perceive a discordance

between what we expect, and what we ^nd. The first oc-

currence of such a discordance we attribute to accident. It

happens again and again ; and we begin to suspect our in-

struments. We then inquire, to what amount of error their

determinations can, by possibility, be liable. If their limit of

possible error exceed the observed deviation, we at once con-

demn the instrument, and set about improving its construc-

tion or adjustments. Still the same deviations occur, and,

BO far from being palliated, are more marked and better de-

fined than before. We are now sure that we are on the

o
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traces of a law of nature, and we pursue it till wc have

reduced it to a definite statement, and verified it by repeated

observation, under every variety of circumstances.

(140.) Now, in the course of this inquiry, it wdl not fad

to happen that other discordances will strike us. Taught by

experience, we suspect the existence of some natural law,

before unknown; we tabulate (i. e. draw out m order) the

results of our observations ; and we perceive, in this synoptic

statement of them, distinct indications of a regular progres-

sion. Again we improve or vary our instruments, and we

now lose°8ight of this supposed new law of nature altogether,

or find it replaced by some other, of a totally different cha-

racter. Thus we are led to suspect an instrumental cause

for what we have noticed. We examine, therefore, the theoiy

of our instrument ; we suppose defects in its structure, and,

by the aid of geometry, we trace their influence in intro-

ducing actual errors into its indications. These errors have

their laws, which, so long as we have no knowledge of causes

to guide us, may be confounded with laws of nature, as they

are mixed up with them in their effects. They are not for-

tuitous, like errors of observation, but, as they arise from

sources inherent in the instrument, and unchangeable while

it and its adjustments remain unchanged, they are reducible

to fixed and ascertainable forms; each particular defect,

whether of structure or adjustment, producing its own ap-

propriate form of error. When these are thoroughly inves-

tigated, we recognize among them one which coincides in its

nature and progression with that of our observed discord-

ances. The mystery is at once solved. We have detected,

by direct observation, an instrumental defect.

(141.) It is, therefore, a chief requisite for the practical

astronomer to make himself completely familiar with tlie

theory of his instruments. By this alone is he enabled at once

to decide what effect on his observations any given imperfec-

tion of structure or adjustment will produce in any given

circumstances under which an observation can be made. This

alone also can place him in a condition to derive available

and practical means of destroying and eliminating altogether
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the 'nflucnce of such imperfections, by so arranging his ob-

servations, that it shall affect their results in opposite ways,

and that its influence shall thus disappear from their mean,

v/hich is one of the chief modes by which precision is attained

in practical astronomy. Suppose, for example, the principle

of an instrument required that a circle should be concentric

with the axis on which it is made to turn. As this is a con-

dition which no workmanship can exactly fulfil, it becomes

necessary to inquire what errors will be produced in observa-

tions made and registered on the faith of such an instrument,

by any assigned deviation in this respect ; that is to say, what

would be thft disagreement between observations made with

it and with one absolutely perfect, could such be obtained.

Now, simple geometrical considerations suffice to show— 1st.

that if the axis be excentric by a given fraction (say one

thousandth part) of the radius of the circle, all angles read of?

on that part of the circle towards which the excentricity lies,

will appear by that fractional amount too small, and all on

the opposite side too large. And, 2dly, that whatever be the

amount of the excentricity, and on whatever part of the circle

any proposed angle is measured, the effect of the error in

question on the result of observations depending on the

graduation of its circumference (or limb, as it is technically

called) will be completely annihilated by the very easy method

of. always reading off the divisions on two diametrically op-

po'site points of the circle, and taking a mean ; for the effect

of excentricity is always to increase the arc representing the

angle in question on one side of the circle, by just the same

quantity by which it diminishes that on the other. Again,

suppose that the proper use of the instrument required that

this axis should be exactly parallel to that of the earth. As

it never can be placed or remain so, it becomes a question,

what amount of error will arise, in its use, from any assigned

deviation, whether in a horizontal or vertical plane, from this

precise position. Such inquiries constitute the theory of in-

strumental errors; a theory of the utmost importance to

practice, and one of which a complete knowledge will enable

an observer, with moderate instrumental means, often to

o 2
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nttain a degree of precision which might Bcem to belong only

to the most refined and costly. This theory, as will readily

be apprehended, turns almost entirely on considerations of

pure geometry, and those for the most part not difficult. In

the present work, however, we have no further concern with

it. The astronomical instruments we propose briefly to de-

scribe in this chapter will be considered as perfect both in

construction and adjustment.*

(142.) As the above remarks are very essential to a right

understanding of the philosophy of our subject and the spirit

of astronomical methods, we shall elucidate them by taking

one or two special cases. Observant persons, before the in-

vention of astronomical instruments, had already concluded

the apparent diurnal motions of the stars to be performed in

circles about fixed poles in the heavens, as shown in the

foregoing chapter. In drawing this conclusion, however,

refraction was entirely overlooked, or, if forced on their notice

by its great magnitude in the immediate neighbourhood

of the horizon, was regarded as a local irregularity, and, as

such, neglected, or slurred over. As soon, however, as the

diurnal paths of the stars were attempted to be traced by in-

struments, even of the coarsest kind, it became evident that

the notion of exact circles described about one and the

same pole would not represent the phenomena correctly,

but that, owing to some cause or other, the apparent diurnal

orbit of every star is distorted from a circular into an oval

form, its lower segment heing^atter than its upper ; and the

deviation being greater the nearer the star approached the

horizon, the efiect being the same as if the circle had been

squeezed upwards from below, and the lower parts more than

the higher. For such an efiect, as it was soon found to arise

from no casual or instrumental cause, it became necessary to

seek a natural one ; and refraction readily occurred, to solve

the difficulty. In fact, it is a case precisely analogous to

* The principle on \' hich the chief adjustments of two or three of the most
useful nnd common instruments, such as the transit, the equatorial, and (he

sextimt, arc performed, are, however, noticed, for the convenience of readers who
may ui>e )!uch instruments without going further into the arcana of practical

aslionomy.

«iii
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what we have ab-eady noticed (art 47.), of the apparent dis-

tortion of the sun near the horizon, only on a larger scale,

and traced up to greater altitudes. This new law once
established, it became necessary to modify the expression of
that anciently received, by inserting in it a salvo for the
effect of refraction, or by making a distinction between the
apparent diurnal orbits, as affected by refraction, and the true

ones cleared of that effect. This distinction between the ap-
parent and the true—between the uncorrected and corrected—
between the rough and obvious, and the rejined and ultimate—
is of perpetual occurrence in every part of astronomy.

(143.) Again. The first impression produced by a view
of the diurnal movement of the heavens is that all the

heavenly bodies perform this revolution in one common
period, viz. a day, or 24 hours. But no sooner do we come
to examine the matter tHstrumentalfy, i. e. by noting, by time-

keepers, their successive arrivals on the meridian, than we find

differences which cannot be accounted for by any error of ob-
servation. All thR stars, it is true, occupy the same interval

of time between their successive appulses to the meridian, or

to any vertical circle ; but this is a very different one from
that occupied by the sun. It is palpably shorter ; being, in

fact, only 23'> 56' 4-09", instead of 24 hours, such hours as

our common clocks mark. Here, then, we have already two

different days, a sidereal and a solar; and if, instead of the

sun, we observe the moon, we find a third, much longer than
either,— a lunar day, whose average duration is 24'' 54™ of
our ordinary time, which last is solar time, being of necessity

conformable to the sun's successive re-appearances, on which
all the business of life depends^

(144.) Now, all the stars are found to be unanimous in

giving the same exact duration of 23'' 56' 4-09", for the

sidereal day; which, therefore, we cannot hesitate to receive

as the period in which the earth makes one revolution on its

axis. We are, therefore, compelled to look on the sun and
moon as exceptions to the general law ; as having a differenc

nature, or at least a different relation to us, from the stars

;

and as having motions, real or apparent, of their own, inde-

h

'
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pendent of the rotation of the earth on its axis. Thus a

great and moat important distinction is disclosed to us,

(145.) To establish these facts, almost no apparatus is

required. An observer need only station himself to the

north of some well-defined vertical object, as the angle of a

building, and, placing his eye exactly at a certain fixed point

(such as a small hole in a plate of metal nailed to some

immoveable support), notice the successive disaijpearances of

any star behind the building, by a watch.* When he ob-

serves the sun, he must shade his eye with a dark-coloured

or smoked glass, and notice the moments when its western

and eastern edges successively come up to the wall, from

which, by taking half the interval, he will ascertain (what he

cannot directly observe) the moment of disappearance of its

centre.

(146.) When, in pursuing and establishing this general

fact, we are led to attend more nicely to the times of the

daily arrival of the sun on the meridian, irregularities (such

they first seem to be) begin to make their appearance. Tiie

intervals between two successive arrivals are not the same at

all times of the year. They are sometimes greater, sometimes

less, than 24 hours, as shown by the clock; that is to say,

the solar day is not always of the same length. About the

2 1 St of December, for example, it is half a minute longer, and

about the same day of September nearly aa much shorter,

than its average duration. And thus a distinction is again

pressed upon our notice betwen the actual solar day, which is

never two days in succession alike, and the mean solar day

of 24 hours, which is an average of all the solar days

throughout the year. Here, then, a new source of inquiry

opens to us. The sun's apparent motion is not only not the

* TliM is an excellent practical method of ascertaining the rate of a clock or

watch, being exceedingly accurate if a few precautions are attended toj the

chief of which is, to take care that that part of the edge behind which the star

(a bright one, not a planet) disappears shall be quite smooth ; as otherwise van-

able refraction may transfer the point of disappearance from a protuberance to a

notch, and thus vary the moment of observation unduly. This is easily secured,

by nailing up a smooth-edged board. The vcrticality of its edge should be

ensured by the use of a plumb-line.
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same with that of the stars, but it is not (as the latter is)

uniform. It is subject to fluctuations, whose laws become
matter of investigation. But to pursue these laws, we re-

quire nicer means of observation than what we have de-
scribed, and are obliged to call in to our aid an instrument
called the transit instrument, especially destined for such
observations, and to attend minutely to all the causes of
irregularity in the going of clocks and watches which may
affect our reckoning of time. Thus we become involved by
degrees in more and more deHcr.te instrumental inquiries;

and we speedily find that, in proportion as we ascertain the
amount and law of one great or leading fluctuation, or in-

equality, as it is called, of the sun's diurnal motion, we bring
into view others continually smaller and smaller, which were
before obscured, or mixed up with errors of observation and
instrumental imperfections. In short, we may not inaptly

compare the mean length of the solar day to the mean or
average height of water in a harbour, or the general level

of the sea unagitated by tide or waves. The great annual
fluctuation above noticed may be compared to the daily vari-

ations of level produced by the tides, which are nothing but
enormous waves extending over the whole ocean, while the
smaller subordinate inequalities may be assimilated to waves
ordinarily so called, on which, when large, we perceive lesser

undulations to ride, and on these, again, minuter ripplings,

to the series of whose subordination we can perceive no end.

(147.) With the causes of these irregularities in the solar

motion we have no concern at present ; their explanation be-
longs to a more advanced part of our subject : but the dis-

tinction between the solar and sidereal days, as it pervades
every part of astronomy, requires to be early introduced, and
never lost sight of. It is, as already observed, the mean or

average length of the solar day, which is used in the civil

reckoning of time. It commences at midnight, but astro-

nomers, even when they use mean solar time, depart from
the civil reckoning, commencing their day at noon, and
reckoning the hours from round to 24. Thus, 1 1 o'clock

in the forenoon of the second of January, in the civil reckon-
a 4
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ing of time, corresponds to January 1 day 23 hours in tho

astronomical reckoning; and 1 o'clock in the afternoon of

tho former, to January 2 days 1 hour of the latter reckoning.

This usage has its advantages and disadvantages, but the

latter seem to preponderate ; and it would be well if, in con-

sequence, it could be broken through, and the civil reckoning

substituted. Uniformity in nomenclature and modes of

reckoning in all matters relating to time, space, weight, mea-

sure, §-c., IS of such vast and paramount importance in every

relation of life as to outweigh every consideration of technical

convenience or custom.

(148.) Both astronomers and civilians, however, who m-

habit different points of the earth's surface, differ from each

other in their reckoning of time; as it is obvious they must,

if we consider tliat, when it is noon at one place, it is mid-

night at a place diametrically opposite; sunrise at another;

and sunset, again, at a fourth. Hence arises considerable in-

convenience, especially as respects places differing very widely

in situation, and which may even in some critical cases in-

volve the mistake of a whole day. To obviate this incon-

venience, there has lately been introduced a system of

reckoning time by mean solar days and parts of a day counted

from a fixed instant, common to all the world, and determined

by no local circumstance, such as noon or midnight, but by

the motion of the sun among the stars. Time, so reckoned,

is called equinoctial time ; and is numerically tho same, at

the same instant, in every part of the globe. Its origin will

be explained more fully at a more advanced stage of our

work.

(149.) Time is an essential element in astronomical obser-

vation, in a twofold point of view : — Ist, As the represen-

• The only disadTantage to antronomera of using the civil reckoning is thii--

that their obseryations being chiefly carried on during the night, the day of their

date will, in this reckoning, always have to be changed at midnight, ann the

former and latter portion of every night's observations will belong to two differ-

ently numbered civil days of the month. There is no denying this to be an

inconvenience. Habit, however, would alleviate it; and Motnt inconvemencc.

must be cheerfully submitted to by all who resolve to act on general princp es.

All other classes of men, whose occupation extends to the night as well as day,

submit to it, and find their advantage in doing so.
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tativo of angular motion. The earth's diurnnl motion being

uniform, every star describes its diurnnl circle uniformly

;

and the time elapsing l)etwccn the passage of the stars in

succession across tho meridian of any observer becomes,

therefore, a direct measure of their differences of right as-

cension. 2dly, As tho fundamental clement (or natural in-

dependent variable, to use the language of geometers) in all

dynamical theoriea. The great object of astronomy is the

determination of tho laws of tho celestial motions, and their

reference to their proximate or remote causes. Now, tho

statement of the law of any observed motion in a celestial

object can be no other than a proposition declaring what has

been, is, and will be, the real or apparent situation of that

object at any time, past, present, or future. To compare

such laws, therefore, with observation, we must possess a

register of the observed situations of the object in question,

and of the times token they were observed^

(150.) The measurement of time is performed by clocks,

chronometers, clepsydras, and hour-glasses. The two former

are alone used in modem astronomy. The hour-glaas is a

coarse and rude contrivance for measuring, or rather counting

out, fixed portions of time, and is entirely disused. Tho

clepsydra, which measured time by the gradual emptying of

a large vessel of water through a determinate orifice, is sus-

ceptible of considerable exactness, and was the only depen-

dence of astronomers before the invention of clocks and

watches. At present it is abandoned, owing to the greater

convenience and exactness of the latter instruments. In one

case only has the revival of its use been proposed ; viz. for

the accurate measurement of very small portions of time, by

the flowing out of mercury from a small orifice in the bottom

of a vessel, kept constantly full to a fixed height. The stream

is intercepted at the moment of noting any event, and

directed aside into a receiver, into which it continues to run,

till the moment of noting any other event, when the inter-

cepting cause is suddenly removed, the stream flows in its

original course, and ceases to run into the receiver. The

weight of mercury received, compared with the weight re-
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ceived in an interval of time observed by the clock, gives the

interval between the events observed. This ingenious and

simple method of resolving, with all possible precision, a pro-

blem of much importance in many physical inquiries, is due

to the lato Captr.in Kater.

(151.) The pendulum clock, however, and the balance

watch, with those improvements and reBnements in its struc-

ture which constitute it emphatically a chronometer •, are the

instruments on which the astronomer depends for his know-

ledge of the lapse of time. These instruments are now

brought to such perfection, that an htibniialirrcgularity in

the rate of going, to the extent cf a "ingk "^i -ad in twenty-

four hours in two consecutive daye, is not tolerated in one of

good character; so that any inteival ot time less than twenty-

four hours may be certain I > ascertained within a few tenths

of a second, by their ubo. In proportion as intervals are

longer, the risk of error, as well as the amount of error

risked, becomes greater, because the accidental errors of many

days may accumulate ; and causes producing a slow progres-

sive change in the rate of going may subsist unperceived. It

is not safe, therefore, to trust the determination of time to

clocks, or watches, for many days in succession, without

checking them, and ascertaining their errors by reference to

natural events which we know to happen, day after day, at

equal intervals. But if this be done, the longest intervals

may be fixed with the same precision as the shortest ;
since,

in fact, it is then only the tivues intervening between the first

and the last moments of such long intervals, and such of those

periodically recurring events adopted for our points of reckon-

ing, as occur within twenty-four hours respectively of either,

which we measure by artificial moans. The whole days are

counted out for us by nature ; the fractional parts only, at

either end, are measured by our clocks. To keep the reckon-

ing of the integer days correct, so that none shall be lost or

counted twice, is the object of the calendar. Chronology

mai-; 'f i^'i order of succession of events, atid refers them

• Xporar, time ; iirrptiy, to measure.

>irlWMM>>»»llWli,lf
'-
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to their proper years and days ; while chrononietry, ground-

ing its detorniinationa on tho prefix, ubtn^rvatiun of such

rcgiiliirly periodical events as can be conveniently and exactly

Bubdividtid, enables us to fix tli' inorac! .n which phenomena

occur, with the last degree of j/rcci«i<>n.

(152.) In the culmination or tmntit (i. e. the piissage across

the meridian of an <.'«crver,) of ev«'ry star in the heavens, he

is furnished with such a regnliirly periodical natnriil (ivont as

we alludo to. Accordingly, it is to the transit* of the

brightest and most convouiently situated fixed st!!-^ that

astronomers resort to am-crtain their cxft'-t time, or, vliich

comes to the same thing, to determine the exact amo\i t of

error of their clocks.

(Ifi3.) Before we describe the instrument desti for the

purpose of observing such culminations, however, c hose in-

tended for the measurement of angular inter vis in ti phere,

it is requisite to place clearly before the reader the \. inciph-

on which the telcscopt is applied in astronomy to the prrcise

determination of a dii tion in space,— that, namely

visual ray by which w< see a star or any other distant

(154.) The telescope niost commonly used in astr

for these purposes is the refracting telescope, which ;.

of an object-glass (cither ingle, or as is now almost univi

double, forming what is culled in optics, an achromatic c

bination)A; a.tube AB, into which the brass cell of

le

c-t.

t«

1.

T.

ffi ^ -^

object-glass is firmly screwed and an eye-lens C, for which is

often substituted a combinati( of glasses designed to increase

the magnifying power of th> telescope, or otherwise give

more distinctness of vision f. ocording to optical principles

which we have no occasion li re to refer to. This also is

fitted into a cell, which is screv d firmly into the end B of

the tube, so that object-glass, ube, and eye-glass may be

considered as forming one piec invariable in the relative

position of its parts.
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(155,) The line P Q joining the centres of the object and

eye-glasses and produced, ia called the axis or line of coUima-

tion of the telescope. And it is evident, that the situation of

this line holds a fixed relation to the tube and its appendages,

so long as the object and eye-glasses maintain their fixity in

this respect.

(156.) Whatever distant object E, this line is directed to,

an inverted picture or image of that object F is formed (ac-

cording to the principles of optics), in the focus of the object-

glass, and may there be viewed as if it were a real object,

through the eye-lens C, which (if of short focus) enables us

to magnify it just as such a lens would magnify a material

object in the same place.

(157.) Now as this image is formed and viewed in the

air, being itself immaterial and impalpable— nothing prevents

our placing in that very place F in the axis of the telescope, a

real, substantial object of very definite form and delicate

make, such as a fine metallic point, as of a needle— or bet-

ter still, a cross formed by two very fine threads (spider-lines),

thin metallic wires, or lines drawn on glass intersecting each

other at right angles — and whose intersection b all but a

mathematical point. If such a point, wire, or cross be care-

fully placed and firmly fixed in the exact focus F, both of the

object and eye-glass, it will be seen through the latter at the

same time, and occupying the same precise place as the image

of the distant star E. The magnifying power of the lens

renders perceptible the smallest deviation from perfect coinci-

dence, which, should it exist, is a proof, that the axis Q P is

not directed rigorously towards E. In that case, a fine mo-

tion (by means of a screw duly applied), communicated to

the telescope, will be necessary to vary the direction of the

axis till the coincidence is rendered perfect. So precise is

this mode of pointing found in practice, that the axis of a

telescope may be directed towards a star or other definite ce-

lestial object without an error of more than a few tenths of a

second of angular measure.

(158.) This application of the telescope may be considered

as completely annihilating that part of the error of observa-
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tion which might otherwise arise from an erroneous estimation

of the direction in which an object lies from the observer's

eye, or from the centre of the instrument. It is, in fact, the

grand source of all the precision of modern astronomy, with-

out which all other refinements in instrumental workmanship

would be thrown away; the errors capable of being com-

mitted in pointing to an object, without such assistance, being

far greater than what could arise from any but the very

coarsest graduation. • In fact, the telescope thus applied

becomes, with respect to angplar, what the microscope is with

respect to linear dimension. By concentrating attention on

its smallest parts, and magnifying into palpable intervals the

minutest differences, it enables us not only to scrutinize the

form and structure of the objects to which it is pointed, but

to refer their apparent places, with all but geomei"ical pre-

cision, to the parts of any scale with which we propose to

compare them.

(159.) We now return to our subject, the determi. v - ;on of

time by the transits or culminations of celestial obJ8c;:s, The

instrument with which such culminations are observed is

called a transit instrument. It consists of a telescope firmly

fastened on a horizontal axis directed to the east and west

points of the horizon, or at right angles to the plane of the

• The honour of this capital improvement has been successfully vindicated

by Derham (Phil. Trans, xxx. 603.) to our young, talented, and unfortunate

countryman Gascoigne, from his correspondence with Crabtreo and Horrockes,
in hb ( Derham's) possession. The passages cited by Derham from tk <e letters

leave no doubt that, so early as 1640, Gascoigne had applied telescopes tu his

quadrants and sextants, with threada in the common focu* of the glanen j and had
even carried the invention so far as to illuminate the field of view by artificial

light, which he found " eery helpful when the moon appeareth not, or it i> not other-

wise light enough." These inventions were freely communicated by him to

Crcbtree, and through him to his friend Horrockes, the pride and boast of
British astronomy ; both of whom expressed their unbounded admiration of this

and many other of his delicate and admirable improvements in the art of obser-

vation. Gascoigne, however, perished, at the age of twenty-three, at the battle

of Marston Moor ; and the premature and sudden death of Horrockes, at a yet
earlier age, will account for the temporary oblivion of the invention. It was
revived, or re-invented, in 1667, by Picard and Auzout (Lalandc, Astron,

Z.SIO.), after which its use became universal. Morin, even earlier than Gas-
coigne (in 1635), had proposed to substitute the telescope for plain sights ; but
it is the thread or wire stretched in the focus with which the image of a star

can be brought to exact coincidence, which gives the telescope its advantage in

practice ; and the idea of this does not seem to have occurreid to Morin. Sea
Lalandc «^> tupri.)
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meridian of the place of observation. The extremities of the

axis are formed into cylindrical pivots of exactly equal di-

ameters, which rest in notches formed in metallic support?,

bedded (in the case of large instruments) on strong pieces of

stone, and susceptible of nice adjustment by screws, both in

a vertical and horizontal direction. By the former adjust-

ment, the axis can be rendered precisely horizontal, by level-

ling it with a level made to rest on the

pivots. By the latter adjustment the

axis is brought precisely into-the east

and west direction, the criterion of

which is furnished by the observations

themselves made with the instrument,

in a manner presently to be explained,

or by a well-defined object, called a meridian mark, originally

determined by such observiitions, and then, for convenience

of ready rcfererce, perma:>r: tly established, at a great dis-

tance, exactly in a meridian line passing through the central

point of the whole instrument. It is evident, from this de-

scription, that, if the axis, or line of coUimation of the

telescops be once well adjusted at right angles to the axis of

the transit, it will never quit the plane of the meridian, when

the instrument is turned round on its axis of rotation.

(160.) In the focus of the eye-piece, and at right angles to

the length of the telescope, is placed, not a single cross, as in

our general explanation in art. 157., but a system of one

horizontal and several equidistant vertical

threads or wires, (five or seven are more

1 usually employed,) as represented in the an-

'nexed figure, which always appear in the

'

field of view, when properly illuminated, by

day by the light of the sky, by night by that

of a lamp introduced by a contrivance not necessary here

to explain. The place of this system of wires may be

altered by adjusting screws, giving it a lateral (horizontal)

motion; and it is by this means brought to such a position,

that the middle one of the vertical wires shall intersect the

line of coUimation of the telescope, where it is arrested and

m .jjauin...uj,u.Mm
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permanently fastened.* In this situation it is evident that

the middle thread will be a visible representation of that

portion of the celestial meridian to which the telescope

is pointed ; and when a star is seen to cross this wire in the

telescope, it is in the act of culminating, or passing the

celestial meridian. The instant of this event is noted by the

clock or chronometer, which forms an indispensable accom-

paniment of the transit instrument. For greater precision,

the moments of its crossing all the vertical threads is noted,

and a mean taken, which (since the threads are equidistant)

would give exactly the same result, were all the observations

perfect, and will, of course, tend to subdivide and destroy their

errors in an average of the whole in the contrary case.

(161.) For the mode of executing the adjustments, and

allowing for the errors unavoidable in the use of this simple

and elegant instrument, the reader must consult works

especially devoted to this department of practical astronomy.f

We shall here only mention one important verification of its

correctness, which consists in reversinff the ends of the axis,

or turning it east for west. If this be done, and it continue

to give the same results, and intersect the same point on the

meridian mark, we may be sure that the line of coDimp-' ' i of

the telescope is truly at right angles to the axis, and d ibes

strictly a plane, i.e. marks out in the heavens agree' Ardc.

In good transit observations, an error of one or tv tenths

of a second of time in the moment of a star's culmination is

the utmost which need be apprehended, exclUi.lve of the error

of the clock : in other words, a clock may be compared witii

the earth's diurnal motion by a single observation, without

risk of greater error. By multiplying observations, of course,

a yet greater degree of precision may be obtained.

(162.) The plane described by the line of collimation of

«

* There is no way of bringing the true optic axis of the object glass to co-
incide exactly with the line of collimation, but, so long as the object glass dous
not shift or shake in its cell, any line Holding an inBariaUe fwgition with respect to
that aicit, may be taken for the conventional or astronomical axis with equal
effect

t See Dr. Pearson's Treatise on Practical Astronomy. Alto Bianchi Sopra
k> Stromento de' Passagi. Ephem. di Milano, 1824.
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a transit ought to be that of the meridian of the place of ob-

servation. To ascertain whether it is so or not, celestial

observation must be resorted to. Now, as the meridian is a

great circle passing through the pole, it necessarily bisects

the diurnal circles described by aU the stars, aU which describe

the two semicircles so arising in equal intervala of 12 sidereal

hours each. Hence, if we choose a star whose whole diurnal

circle is above the horizon, or which never sets, and observe

the moments of its upper and. lower transits across the

middle wire of the telescope, if we find the two seraidiumal

portions east and west of the plane described by the telescope

to be described m precisely equal times, we may be sure that

plane is the meridian.

(163.) The angular intervals measured by means of the

transit instrument and clock are arcs of the equinoctial, inter-

cepted between circles of declination passing through the

objects observed; and their measurement, in this case, is per-

formed by no artificial graduation of cirdes, but by the help

of the earth's diurnal motion, which carries equal arcs of the

equinoctial across the meridian, in equal times, at the rate of

16° per sidereal hour. In all other cases, when we would

measure angular intervals, it is necessary to have recourse to

circles, or portions of circles, constructed of metal or other

firm and durable material, and mechanically subdivided into

equal parts, such as degrees, minutes, &c. The simplest and

most obvious mode in which the measurement of the angular

interval between two directions in space can be performed

is as foUows. Let ABC D be a circle, divided into 360

degrees, (numbered in order from any point 0° in the circum-

ference, round to the same point again,) and connected with

its centre by spokes or rays, x, y, z, firmly united to its circum-

ference or limb. At the centre let a circular hole be pierced,

in which shall move a pivot exactly fittbg it, carrying a tube,

whose axis, ab, is exiiotly paraUel to the phme of the circle,

or perpendicular to the pivot; and also two arms, m,n, at

right angles to it, and forming one piece with the tube and

the axis; so that the motion of the axis on the centre shall

carry the tube and arms smoothly round the circle, to be

W,
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aiTcstcd and fixed at any point wc please, by a contrivance

Civllcd a clamp. Suppose, now, we would mcaaure the angu-
lar interval between two fixed objects, S, T. The plane of

the circle must first be ad-

justed so as to pass through

g them both, and immoveably

fixed and maintained in that

position. This done, let the

axis a 6 of the tube be

T directed to one of them, S,

and clamped. Then will a

mark on the arm m point
either exactly to some one of the divisions on the limb,

or between two of them adjacent. In the former case,

the division must be noted as the reading of the arm m. In
the latter, the fractional part of one whole interval between
the consecutive divisions by which the mark on m surpasses

the last inferior division must be estimated or measured by
some mechanical or optical means. (See art. 165.) The
division and fractional part thus noted, and reduced into

degrees, minutes, and seconds, is to be set down as, the read-

ing of the limb eoiresponding to that position of the tube ab,

where it points to the object S. The same must then be
done for the object T ; the tube pointed to it, and the limb

"read off," the position of the circle remaining meanwhile
unaltered. It is manifest, then, that, if the lesser of these

readings be subtracted from the greater, their difference will

be the angular interval between S and T, as seca from the

centre of the circle, at whatever point of the limb the com-
mencement of the graduations or the point 0° be situated.

(164.) The very same result will be obtained, if, instead

of making the tube moveable upon the circle, we connect it

invariably with the latter, and make both revolve together

on an axis concentric with the circle, and forming one piece

with it, working in a hollow formed to receive and fit it in

some fixed support. Such a combination is represented in

section in the annexed sketch. T is the tube or sio-ht.

fastened, at p p, on the circle A B, whose axis, D, works in

II
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the solid metallic centring E, from which originates an arm,

F, carrying at its extremity an index, or other proper mark.

to point out and read ofF the exact division of the circle at B,

the point close to it. It is evident that, as the telescope and

circle revolve through any angle, the part of the limb of the

latter, which by such revolution is carried past the index F,

will measure the angle described. This is the most usual

mode of applying divided circles in astronomy.

(165.) The index F may either be a simple pointer, like a

clock hand (Jig. a); or a vernier {Jig. b) ; or, lastly, a com-

pound microscope {Jig. c), represented in section in fg. d,

and furnished with a cross in the common focus of its object

and eye-glass, moveable by a fine-threaded screw, by which

the intersection of the cross may be brought to exact coinci-

dence with the image of the nearest of the divisions of the

circle formed in the focus of the object lens upon the very

same principle with that explained, art. 157. for the point-

ing of the telescope, only that here the fiducial cross is made

moveable ; and by the tui-ns and parts of a turn of the screw

wiitmmimimmm* maaim aiaaiiMMwaiawiiiiiiw" iniiww
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required for this purpose the distance of that division from

the original or zero point of the microscope may be estimated.

This simple but delicate contrivance gives to the reading off

of a circle a degree of accuracy only limited by the power of

the microscope, and the perfection with which a screw can

be executed, and places the subdivision of angles on the same

footing of optical certainty wliich is introduced into their

measurement by the use of the telescope.

(166.) The exactness of the result thus obtained must
depend, 1st, on the precision with which the tube a b can bo
pointed to the objects ; 2dly, on the accuracy of graduation

of the limb ; 3dly, on the accuracy with which the subdi-

vision of the intervals between any two consecutive gradua-

tions can be performed. The mode of accomplishing the

latter object with any required exactness has been explained

in the last article. With regard to the graduation of the

limb, being merely of a mechanical nature, we shall pass it

without remark, further than this, that, in the present state

of instrument-making, the amount of error from this source

of inaccuracy is reduced within very narrow limits indeed. *

With regard to the first, it must be obvious that, if the sights

a i be nothing more than simple crosses, or pin-holes at the

ends of a hollow tube, or an eye-hole at one end, and a cross at

the other, no greater nicety in pointing can be expected than

what simple vision with the naked eye can command. But
if, in place of these simple but coarse contrivances, the tube

itself be converted into a telescope, having an object-glass at

b, an eye-piece at a, and a fiducial cross in their common
focus, as explained in art. 157. ; and if the motion of the

tube on the limb of the circle be arrested when the object is

brought just into coincidence with the intersectional point of

that cross, it is evident that a greater degree of exactness

may be attained in the pointing of the tube than by the un-

assisted eye, in proportion to the magnifying power and

distinctness of the telescope used.

* In the great Ertel circle at Pulkova, the probable amount of the aeeidtntal

error of division is stated by M. Struve not to exceed 0"264. Desc. de I'Obi.

centrale de Pulkova, p. M7.
H S
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(167.) The aimplcst mode in wliich the incasureuieiit of

an angular interval can be executed, is what we have juat

described ; but, in strictness, this mode is applicable only to

terrestrial angles, such aa those occupied on the sensible

horizon by the objects which surround our station,— because

these only remain stationary during the interval while tho

telescope is shifted on the limb from one object to the other.

But the diurnal motion of the heavens, by destroying this

essential condition, renders the direct measurement of an-

gular distance from object to object by this means impossible.

The same objection, however, does not apply if we seek only

to determine the interval between the diurnal circles de-

scribed by any two celestial objects. Suppose every star, in

its diurnal revolution, were to leave behind it a visible trace

in the heavens,— a fine line of light, for instance,— then a

telescope once pointed to a star, so as to have its imago

brought to coincidence with the intersection of the wires,

would constantly remain pointed to some portion or other of

this line, which would therefore continue to appear in its

field aa a luminous line, permanently intersecting the same

point, till the star came round again. From one such line

to another the telescope might be shifted, at leisure, without

error; and then the angular interval between the two diurnal

circles, in the plane of the telescope's rotation, might be mea-

sured. Now, though we cannot see the path of a star in the

lieavens, we can wait till the star itself crosses the field of

view, and seize the moment of its passage to place the inter-

section of its wires so that the star shall traverse it; by

which, when the telescope is well clat iped, we equally well

secure the position of its diurnal circle as if we continued to

see it ever so long. The reading off of the limb may then be

performed at leisure; and when another star comes round

into the plane of the circle, we may unclamp the telescope,

and a similar observation will enable us to assign the place of

its diurnal circle on the limb : and the observations may bo

repeated alternately, every day, as the stars pass, till we are

satisfied with their result.

mmm
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OP THE MUUAL CIUCLE. 101

(108.) Tills is the principle of the mural circle, which ia

nothing more than such a circle as we have described in art.

163., firmly supported, in the plane of the meridian, on a

long and powerful horizontal axis. This axis ia let into a

massive pier, or wall, of stone (whence the name of the in-

\3trument), and so secured by screws as to be capable of ad-

justment both in a vertical and horizontal direction ; so that,

like the axis of the transit, it can be maintained in the exact

direction of the eaat and west points of the horizon, the plane

of the circle being consequently truly meridional.

(109.) The meridian, being at right angles to all the di-

urnal circles described by the stars, its arc intercepted be-

tween any two of them will measure the least distance

between these circles, and will be equal to the difterenco of

the declinations, as also to the difference of the meridian alti-

tudes of the objects— at least when corrected fiir refraction.

These differences, then, are the angular intervals directly

measured by the mural circle. But from these, supposing

the law and amount of refraction known, it is easy to con-

clude, not their differences only, but the quantities them-

selves, as we shall now explain.

(170.) The declination of a heavenly body is the comple-

ment of its distance from the pole. The pole, being a point

in the meridian, might be directly observed on the limb of the

circle, if any star stood exactly therein ; and thence the polar

distances, and, of course, the declinations of all the rest,

might be at once determined. But this not being the case,

a bright star as near the pole as can be found is selected, and

observed in its upper and lower culminations ; that is, when
it passes the meridian above and below the pole. Now, as its

distance from the pole remains the same, the difference of

reading off the circle in the two cases is, of course (when

corrected for refraction), equal to twice the polar distance of

the star ; the arc intercepted on the limb of the circle being,

in this case, equal to the angular diameter of the star's diurnal

circle. In the annexed diagram, H P O represents the celestial

meridian, P the pole, B R, A Q, C D the diurnal circles of

H 3

)
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itara which arrive on the meridian at B, A, and C in their

upper and at ll,Q,D in their lower cuhninationa, of which D

and Q happen above the horizon

HO. Pis the pole; and if wo

suppose h p to be the nuiral

circle, having S for its centre, b a

c p d will be the points on its

circumference corresponding to B
A C P D in the heavens. Now
the arcs b a, b c, b d, and c d arc

given immediately by observation

;

and since C P=:P 1), we have also cp=p d, and each of them

= ^ cd, consequently the place of the polar point, as it is

called, upon the limb of the circle becomes known, and the

ares p b, p a. p c, which represent on the circle the polar

distances requii ? J, becoi"e also known.

(171.) The nt lution of the pole star, which is a very bril-

liant one, is eminently favourable for this purpose, being only

a.'cat a degree und half from the pole; it is, therefore, the

star usually and almost solely chosen for this important pur-

pose; the more especially because, both its culminations

taking place at great and not very different altitudes, the re-

fractions by which they are affected are of small amount, and

.differ but slightly from each other, so that their correction is

'.easily and safely applied. The brightness of the pole star,

too, allows it to be easily observed in the daytime. In con-

sequence of these peculiarities, this star is one of constant

resort with astronomers for the adjustment and verification of

instruments of almost every description. In the case of the

transit, for instance, it furnishes an excellent object for the

application of the method of testing the meridional situation

of the instrument described in art. 162., in fact, the most

advantageous of any for that purpose, owing to its being

the most remote from the zenith, at its upper culmination,

of all bright stars observable both above and below the

pole.

(172.) The place of the pblarpoint on the limb of the mural
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OnSEBVATION 1, ,i^:FLECTIU^ ON MF,' UT. I' J

circle once determined, becomes an origin, or eio point, fnwn

which tlic polar diatanccs of all objects, referred to oth'^r

points on the same limb, reckon. It njattcri^ not \v!'<>ther the

actual commencemont 0" of the graduations stand there, or

not ; since it is only by tho differences of the readings that

the arcs on tho limb are determined ; and hence a great ad-

vantage ia obtained in the power of conuncncing anew a fresh

series of observations, in which a different part of the cir-

cumference of tho circle shall be employed, and different

graduations brought into use, by which inequalities of divi-

sion may be detected and neutralized. This is accomplished

practically by detaching the telescope from its old bearings

on the circle, and fixing it afresh, by screws or clamps, on a

different part of tho circumference.

(173.) A point on the limb of the mural circle, not less im-

portant than the polar point, is tho horizontal point, which,

being once known, becomes in like manner an origin, or zero

point, from which altitudes are reckoned. The principle of

its determination is ultimately nearly the same with that of

the polar point. As no star exists in tho celestial horizon,

the observer must seek to determine two points on the limb,

the one of which shall be precisely as far below the horizon-

tal point as the other is above it. For this purpose, a star

is observed at its culmination on one night, by pointing tho

telescope directly to it, and the next, by pointing to the image

of the same star rejlected in the still, unruffled surface of a

fluid at perfect rest. Mercury, as the most reflective fluid

known, is generally chosen for that use. As the surface of a

fluid at rest is necessarily horizontal, and as the angle of

reflection, by the laws of optics, is equal to that of incidence,

this image will be just as much depressed below the horizon

as the star itself is above it (allowing for the difference of

refraction at the moments of observation). The arc inter-

cepted on the limb of the circle between the star and its re-

flected image thus consecutively observed, when corrected for

refraction, is the double altitude of the star, and its point of

bisection the horizontal point. The reflecting surface o^ a
u 4

f
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fluid RO used for the determination of the altitudca of object!

IB called an artificial horizon.*

(174.) Tlic mural circle ia, in fact, at the same time, a

tranflit instrument ; and, if furnialied with a proper syHtcm

of vertical wircu in the focus of its telescope, may bo used ufl

Buch. As the axis, however, is only supported at one end,

it has not the strength and pernuincnco necessary lor the

more delicate purposes of a transit ; nor can it be verified, as

a transit may, by the reversal of the two ends of its axis,

east for west. Nothing, however, prevents a divided circle

being permanently fastened on the axis of u transit instru-

mcrt, cither near to one of its extremities, or close to the

telescope, so as to revolve with it, the reading off being per-

formed by one or more microscopes fixed on one of its i)ier^

Such an instrument is called a tuansit chicle, or a meri-

dian CHICLE, and serves for the simultaneous determination

of the right ascensions and polar distances of objects observed

with it ; the time of transit being noted by the clock, and

the circle being read off by the lateral microscopes. There ia

much advantoge, when extensive catalogues of small stars

have to be formed, in this simultaneous determination of both

their celestial co-ordinates : to which may be added the fa-

cility of applying to the meridian circle a telescope of any

length and o[)tical power. The construction of the mural

circle renders this highly inconvenient, and indeed impracti-

' cable beyond very moderate limits.

(175.) The determination of the horizontal point on the

limb of an instrument is of such essential importance in

astronomy, that the student should be made acquainted with

every means employed for this purpose. These are, the arti-

ficial horizon, the plumb-line, the level, and the collimator.

The artificial horizon has been already explained. The plumb-

• By a peculiar and delicate manipulation and managcinent of the setting,

bisection, and reading oft" of the circle, aided by the use of a moveable horizon,

tal micrometic wire in tlie focus of the object-glass, it is found practicable to

observe a slow moving star (as the pole star) on one and the tame night, both by

reflection and direct vision, suflScicntly near to either culmination to give th»

horirontal point, without risking the change of refraction in twenty-four hours;

o that this source of error is thus completely eliminated.

wm HH mm
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DETEUMINATION OF THE IloniZONTAl. I'OINT. 105

lino ii a fine thread or wire, to which is suspendod a weight,

whoso osciliatioiiH arc impeded and quickly reduced to rest l>y

plunging it in water. The direction ultimately assumed by

Bucij a line, admittiny its jwrfvctjlexibility, is that of gravity,

or pcrpcndioular to the surface of still water. Its application

to the purposes of astronomy is, however, so delicate, and

diflicult, and liable to error, unless extraordinary precautions

arc taken in its use, that it is at present almost universally

obandoncd, for the more convenient, and equally exact in-

Btrumcnt the level.

(176.) The level is a glass tube nearly filled with a liquid,

(rttilphuric ether, or chloroform, being those now generally

D

used, on account of their extreme mobilitj/, and not being

liable to freeze,) the bubble in which, when the tube is placed

horizontally, would rest indifferently in any part if the tube

could be mathtmatically straight. But that being impossible

to execute, and every tube having some slight curvature; if

the convex side be placed upwards the bubble will occupy

the higher part, as in the figure (where the curvature is pur-

posely ex.aggerated). Suppose such a tube, as A B, firmly

fastened on a straight bar, C T), and marked at a b, two

points distant by the length of 'he bubble ; then, if the In-

Btrumcnt be so placed that the bubble shall occup}- this inter-

val, it is clear that C D can have no other than one definite

inclination to the horizon ; because, were it ever so little

moved one way or other, the bubble would shift its i)lacc,

and run towards the elevated side. Suppose, now, that we
would ascertain whether any given line P Q be horizontal

;

let the base of the level C D be set upon it, and note the

points a b, between which the bubble is exactly contained

;

then turn the level end for end, so that C shall rest on Q,
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and D on P. If then the bubble continue to occupy the

same place between a and h, it is evident that P Q can be

no otherwise than horizontal. If not, the side towards which

the bubble runs is highest, and must be lowered. Astrono-

mical levels are furnished with a divided scale, by which the

places of the ends of the bubble can be nicely marked
;
and

it is said that they can be executed with such delicacy, as to

indicate a single second of angular deviation from exact hori-

zontality. In such levels accident is not trusted to to give

the requisite curvature. They are ground and politjhed in-

ternally by peculiar mechanical processes of great delicacy.

(177.) The mode in which a level may be applied to find

the horizontal point on the limb of a vertical divided circle

may be thus explained : Let A B be a telescope firmly fixed

to such a circle, D E F, and moveable in one with it on a

horizontal axis C, which must

be like that of a transit, sus-

ceptible of reversal (see art.

161.), and with which the

circle is inseparably connected.

Direct the telescope on some

distant well-defined object S,
[

and bisect it by its horizontal

wire, and in this position clamp

it fast. Let L be a level fas-

tened at right angles to an arm,

L E F, furnished with a micro-

scope, or vernier at F, and, if we please, another at E. Let

this arm be fitted by grinding on the axis C, but capable of

moving smoothly on it without carrying it round, and also of

being clamped fast on it, so as to prevent it from moving

until required. While the telescope is kept fixed on the ob-

ject S, let the level be set so as to brmg its bubble to the

marks a b, and clamp it there. Then will the arm L C P

have some certain determinate inclination (no matter what)

to the horizon. In this position let the circle be read off at

F, and then let the whole apparatus be reversed by turning

its horizontal axis end for end, without nnclawping the level
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THE FLOATING COLLIMATOR. 107

arm from the axis. This done, by the motion of the whole

instrument (level and all) on its axis, restore the level to its

horizontal position with the bubble at a b. Then we arc sure

that the telescope has now the same inclination to the horizon

the other way, that it had when pointed to S, and the reading

offat F v.'ill not have been changed. Now unclamp the level,

and, keeping it nearly horizontal, turn round the circle on

the axis, so as to carry back the telescope through the zenith

to S, and in that position clamp the circle and telescope fast.

Then it is evident that an angle equal to twice the zenith

distance of 3 has been moved over by the axis of the tele-

scope from its last position. Lastly, without unclamping the

telescope and circle, let the level be once more rectified. Then

will the arm L E F once more assume the same definite po-

sition with respect to the horizon ; and, consequently, if the

circle be again read off, the difference between this and the

previous leading must measure the arc of itc circumference

which has passed under the point F, which may be considered

as having all the while retained an invariable position. This

difference, then, will be the double zenith distance of S, and

its half will be the zenith distance simply, the complement of

which is its altitude. Thus the altitude corresponding to a

given reading of the limb becomes known, or, in other words,

the horizontal point on the limb is ascertained. Circuitous

as this process may appear, there is no other mode of cm-

ploying the level for this purpose which does not in the end

come to the same thing. Most commonly, however, the level

is used as a mere fiducial reference, to prcsei-ve a horizontal

point once well determined by other means, which is done by

adjusting it so as to stand level when the telescope is truly

horizontal, and thus leaving it, depending on the permanence

of its adjustment.

(178.) The last, but probably not the least exact, as it

certainly is, in innumen^ble cases, the most convenient means

of ascertaining the horizontal point, is that afforded by the

floating collimator, an invention of Captain Katcr, but of

which the optical principle was first employed by Kitten-

house, in 1785, for the purpose of fixing a definite direction

in space by the emergence of parallel rays from a material

Hi H
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object placed in the focus of a fixed Icng. This elegant in-

strument is nothing more than a small telescope furnlBhed

with a cross-wire in its focus, and fastened horizontally, or

as nearly so aa may be, on a flat iron float, which is made to

swim on mercury, and which, of course, will, when left to

itself, assume always one and the same invariable inclination

to the horizon. If the cross-wires of the collimator bo illu-

MIX -anE -J-tta'

(\

minatcd by a lamp, being in the focus of its object-glass, the

rays from them will issue panlllel, and will therefore be in a

fit state to be brought to a focus by the object-glass of any

other telescope, in which they will form an image as if they

came from a celestial object in their direction, i. e. at an alti-

tude equal to their inclination. Thus the intersection of the

cross of the collimator may be observed as if it were a star,

and that, however near the two telescopes are to each other.

By transferring then, the collimator still floating on a vessel

of mercury from the one side to the other of a circle, we are

furnished with two quasi-celestial objects, at precisely equal

altitudes, on opposite sides of the centre ; and if these be

observed in succession with the telescope of the circle, bring-

ing its cross to bisect the image of the cross of the collimator

(for which end the wires of the latter cross are purposely set

45° inclined to the horizon), the difference of the readings on

its limb will be twice the zenith distance of either ; whence,

as in the last article, the horizontal or zenith point is imme-

diately determined. Another, and, in many respects, prefer-

able form of the floating collimator, in which the telescope is

vertical, and whereby the zenith point is directly ascertained,

is described in the Phil. Trans. 1828, p. 257., by the same

author.

(ItU!) By far the neatest and most delicate application of
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the principle of collimation of Rittcnhousc, however, ia sug-

gested by Bohnenbcrgcr, which affords at once, and by a single

observation, an exact knowledge of the nadir point of an

astronomical circle. In this combination, the telescope of the

circle is its own collimator. The

object observed is the central inter-

sectional cross of the wires in its

own focus reflected in mercury.

A strong illumination being thrown

upon the system of wires (art. 160.)

by a lateral lamp, the telescope of

the instrument is directed vertically

downwards towards the surface of

the mercury, as in the figure an-

nexed. The rays diverging from

the wires issue in parallel pencils

from the object-glass, are incident

on the mercury, and are thence re-

flected back (without losing their

parallel character) to the object-

glass, which is therefore enabled to collect them again in its

focus. Thus is formed a reflected image of the system of

cross-wires, which, when brought by the slow motion of

the telescope to exact coincidence (intersection upon intersec-

tion) with the real system sis seen in the eye-piece of the

instrument, indicates the precise and rigorous verticality of

the optical axis of the telescope when directed to the nadii'

point.

(180.) The transit and mural circle are essentially meridian

instruments, being itjed only to observe the stars at the mo-

ment of their meridian passage. Independent of this being

the most favourable moment for seeing them, it is that in

which their diurnal motion is parallel to the horizon. It is

therefore easier at this time than it could be at any other, to

place the telescope exactly in their true direction ; since their

apparent course in the field of view being parallel to the

horizontal thread of the system of wires therein, they may,

te^gg^

'Jl

by giving a flue motion to the telescope, be brought to exact
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coincidence with it, and time may be allowed to examine and

correct this coincidence, if not at first accurately hit, which

is the case in no other situation. Generally speaking, all

angular magnitudes which it is of importance to asccrtam

exactly, should, if possible, be observed at their maxima or

minima of increase or diminution ; because at these points

they remain not perceptibly changed during a time long

enough to complete, and even, in many cases, to repeat and

verify, our observations in a careful and leisurely manner.

The angle which, in the case before us, is in this predicament,

is the altitude of the star, which attains its maximum or

minimum on the meridian, and which is measured on the limb

of the mural circle.

(181.) The purposes of astronomy, however, require that

an observer should possess the means of observing any object

not directly on the meridian, but at any point of its diurnal

course, or wherever it may present itself in the heavens.

Now, a point in the sphere is determined by reference to two

great circles at right angles to each other ; or of two circles,

one of which passes through the pole of the other. These,

in the language of geometry, are co-ordinates by which its

situation is ascertained: for instance,— on the earth, a place

is known if we know its longitude and htitude ;— in the

starry heavens, if we know its right ascension and declina-

tion;— in the visible hemisphere, if we know its azimuth

and altitude, &c.
/. . v i

(182.) To obsers'e an object at any point of its diurnal

course, we must possess the means of directing a telescope to

if, which, therefore, must be capable of motion in two planes

at right angles to each other; and the amount of its angular

motion in each must be measured on two circles co-ordinate

to each other, whose planes must be parallel to those in which

the telescope moves. The practical accomplishment of this

condition is effected by making the tixis of one of .e oirclea

penetrate that of the other at right angles. The pierced axis

turns on fixed support", while the other has no connection

with any external support, but is sustained entirely by that

which it penetrates, which is strengthened and enlarged at
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The pierced axis

as no connection

entirely by that

and enlarged at

the point of penetration to receive it. The annexed figure

exhibits the simplest fonn of such a combination, though

very far indeed from the best in point of mechanism. The

two circles arc read off by verniers, or microscopes ; the one

attached to the fixed support which carries the principal axis,

the other to an arm projecting from that axis. Both circles

also are susceptible of being clamped, the clamps being at-

tached to the same ultimate bearing with which the apparatus

for reading off is connected.

(183.) It is manifest that such a combination, however its

principal axis be pointed (provided that its direo+^on be inva-

riable), will enable us to ascertain the situation of any object

with xcspect to the observer's

station, by angles reckoned upon

two great circles in the visible

hemisphere, one of which has for

its poles the prolongations of

the principal axis or the vanish-

ing jwints of a system of lines

parallel to it, and the other

ptusses always through these

poles : for the former great cir-

cle is the vanishing line of all

planes parallel to the circle

A B, while the latter, in any

position of the instrument, is

the vanishing line of all the

planes parallel to the circle G H ; and these two planes being,

by the constniction of the itistrumcnt, at right angles, the

great circles, which are their vanishing lines, must be so too.

Now, if two great circles of a sphere be at right angles to

each other, the one will always pass through the other's poles.

(184.) There are, however, but two positions in which

such an apparatus can be mounted so as to be of any prac-

tical utility in astronomy. The first is, when the principal

axis C D is parallel to the earth's axis, and therefore points

to the poles of the heavens which arc the vanishing points of

all lines in this system of parallels ; and whei., of course, t!;o

plane of the circle A 13 is parallel to the earth's equator, and

I
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therefore has the equinoctial for its vanishing cii-clc, and

measures, by its arcs read off, hour angles, or differences of

right ascension. In this case, the great circles in the heavens,

corresponding to the various positions, which the circle G II

can bo made to assume, by the rotation of the instmment

round its axis C D, are all hour-circles ; and the arcs read off

on this circle will be declinations, or polar distances, or their

differences. „

(185.) In this position the apparatus assumes the name ot

an equatorial, or, as it was formerly called, a parallactic in-

strument. It is a most convenient instrument for all such

observations as require an object to be kept long in view,

because, being once set upon the object, it can be followed as

long as we please by a sinffle motion, u e. by merely turning

the° whole apparatus round on its polar axis. For since,

when the telescope is set on a star, the angle between its

direction and that of the polar axis is equal to the polar

distance of the star, it follows, that wiien turned about

its axis, without altering the position of the telescope on the

circle G H, the point to which it is directed will always lie

in the small circle of the heavens coincident with the star's

diurnal path. In many observations this ia an inestimable

advantage, and one which belongs to no other instrument.

The equatorial is also used for determining the place of an

unknown by comparison with that of a known object, in a

manner to be described in the fifth chapter. The adjust-

ments of the equatorial are somewhat complicated and diffi-

cult. They are best performed in this manner :— 1st, Follow

the pole star round its whole diurnal course, by which it will

become evident whether the polar axis is directed above or

below, to the right or to the left, of the true pole,— and correct

it accordingly (without any attempt, during this process, to

correct the errors, if any, in the position of the declination

axis). 2dly, after the polar axis is thus brought into adjust-

ment, place the plane of the declination circle in or near the

meridian ; and, having there secured it, observe the transits

of several known stars of widely different declinations. If

the intervals between these transits correspond to the known
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differences of right ascensions of the stars, we may be sure

that the telescope describes a true meridian, and that, there-

fore, the declination axis is truly perpendicular to the polar

one ; — if not, the deviation of the intervals from this law

will indicate the direction and amount of the deviation of the

axis in question, and enable us to correct it.
*

(186.) A very great improvement has, within a few years

from the present time, been introduced into the construction

of the equatorial instrument. It consists in applying a clock-

work movement to turn the whole instrument round upon its

polar axis, and so to follow the diurnal motion of any celestial

object, without the necessity of the observer's manual inter-

vention. The driving power is the descent of a weight which

communicates motion to a train of wheelwork, and thus,

ultimately, to the polar axis, while, at the same time, its too

swift descent is controlled and regulated to the exact and

uniform rate required to give that axis one turn in 24 hours,

by connecting it with a regulating clock, or (which is found

preferable in practice) by exhausting all the superfluous

energy of the driving power, by causing it to overcome

a regulated friction. Artists have thus succeeded in obtain-

ing a perfectly smooth, uniform, and regulable motion, which,

when so applied, serves to retain any object on which the

telescope may be set, commodiously, in the centre of the field

of view for whole hours in succession, leaving the attention

of the observer undistracted by having a mechanical move-

ment to direct; and with both his hands at liberty.

(187.) The other position in which such a compoimd

apparatus as we have described in art. 182. may be ad-

vantageously mounted, is that in which the principal axis

occupies a vertical position, and the one circle, AB, con-

sequently corresponds to the celestial horizon, and the other,

G H, to a vertical circle of the heavens. The angles mea-

sured on the former are therefore azimuths, or differences

• See Llttrow on tlie Adjustment of the Equatorial (Mem. Ast. Soc. vol. il.

p. 43.), where formulie are given for ascertaining the amount and direction of

ail the misadjustments simultaneously. But the practical observer, who wi&het

to avoid bewildering himself by doing two things at once, had better proceed aa

recommended in the text.

I
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of azimuth, and those of the latter zenith disl ai .'cs, or olti-

tudea, according as the graduation commences from the upper

point of ita limb, or from one 90° diatant from it. It is

therefore known by the name of an azimuth and altitude in-

strument. The vertical position of its principal axis ia se-

cured either by a plumb-line suspended from the upper end,

which, however it bo turned round, should continue always

to intersect one and the same fiducial mark near ita lower

extremity, or by a level fixed directly across it, whose bubble

ought not to shift its place, on moving the instrument in

azimuth. The north or south point on the horizontal circle

is ascertained by bringing the vertical circle to coincide with

the plane of the meridian, by the same criterion by which

the azimuthal adjustment of the transit is performed (art.

162.), and noting, in this position, the reading olf of tiie

lower circle ; or by the following process.

(188.) Let a bright star be observed at a considerable

distance to the cast of the meridian, by bringing it on the

cross wires of the telescope. In this position let the horizon-

tal circle be read off, and the telescope securely clamped on

the vertical one. When the star has passed the meridian,

and is in the descending point of its daily course, let it be

followed by moving the whole instrument round to the west,

without, however, unclamping the telescope, until it comes

into the field of view ; and until, by continuing the horizon-

tal motion, the star and the cross of the wires come once

more to coincide. In this position it is evident the star must

have the same precise altitude above the western horizon, that

it had at the moment of the first observation above the

eastern. At this point let the motion be arrested, and the

horizontal circle be again read off. The difference of the

readings will be the azimuthal arc described in the interval.

Now, it is evident that when the altitudes of any star are

equal on either side of the meridian, its azimuths, whether

reckoned both from the north or both from the south point of

the horizon, must also be equal,— consequently the north or

south point of the horizon must bisect the azimuthal ai'c thus

determined, and will therefore become known.

mmsmtsamm
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(189.) This method of determining the north and south
points of n horizontal circle is called the " method of equal
altitudes," and is of great and constant use in practical astro-

nomy. If we note, at the moments of the two observations, the

time, by a clock or chronometer, the instant halfway between
them will be the moment of the star's meridian passage, which
may thus be determined without a transit ; and, vice versd,

the error of a clock or chronometer may by this process be
discovered. For this last purpose, it is not necessary that our
instrument should be provided with a horizontal circle at all.

Any means by which altitudes can be measured will enable
us to determine the moments when the same star arrives at

equal altitudes in the eastern and western halves of its diurnal

course; and, these once known, the instant of meridian
passage and the error of the clock become also known.

( 1 90.) Thus also a meridian line may be drawn and a meridian
mark erected. For the readings of the north and south points

on the limb of the horizontal circle being known, the vertical

circle may be brought exactly into the plane of the meridian,

by setting it to that precise reading. This done, let the
telescope be depressed to the north horizon, and let the point

intersected there by its cross-wires bo noted, and a mark
erected there, and let the same be done for the south horizon.

The line joining these points is a meridian line, passing

through the centre of the horizontal circle. The marks may
be made secure and permanent if required.

(191.) One of the chief purposes to which the altitude a?id

azimuth circle is applicable is the investigation of the amount
and laws of refraction. For, by following with it a circum-

polar star which passes the zenith, and another which grazes

the horizon, through their whole diurnal course, tlje exact

apparent form of their diurnal orbits, or the ovals into which
their circles arc distorted by refraction, can be traced ; and
their deviation from circles, being at every moment given by
the nature of the observation i« the direction in whick the

refraction itself takes place (i. e. in altitude), is made a matter
of direct observation.

(192.) The zenith sector and the theodolite are peculiar
I 2
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modiHcntlons of the altitudo and azimuth instrument. The

former ia adapt'^d for the very exact observation of stars in

or near the zenith, by giving a great length to the vertical

axis, and suppreasing all the circumference of the vertical

circle, except n few degrees of its lower part, by which a

great length of radius, and a consequent proportional enlarge-

ment of the divisions of its arc, is obtained. The latter is

especially devoted to the measures of horizontal angles be-

tween terrestrial objects, in which the telescope never requires

to be elevated more than a few degrees, and in which, there-

fore, the vertical circle is either dispensed with, or executed

on a smaller scale, and with less delicacy ; while, on the other

hand, great care is bestowed on securing the exact perpendi

cularity of the plane of the telescope's motion, by resting its

horizontal axis on two supports like the piers of a transit-

instrument, which themselves are firmly bedded on the spokes

of the horizontal circle, and turn with it.

(193.) The next instrument we shall describe is one by

whose aid the angular distance of any t\,o objects may bo

measured, or the altitude of a single one determined, either

by measuring its distance from the visible horinn (such as

the sea-offing, allowing for its dip), or from its own reflection

on the surface of mercury. It is the sextant, or quadrant,

commonly called IIadley% from its reputed inventor, though

the priority of invention belongs undoubtedly to Newton,

whose claims to the gratitude of the navigator are thus

doubled, by his having furnished at once the only theory by

which his vessel can be securely guided, and the only instru>

ment which has ever been found to avail, in applying that

theory to its nautical uses.*

(194.) The principle of this instrument is the optical pro-

perty of reflected rays, thus announced : — " The angle be-

* Newton communicated it to Dr. Halley, who suppressed it. Tlie detcrip-

tion of the instrument was found, after the death of Halley, among hii papers,

in Newton's own handwriting, by his executor, who communicated the papers
to the Royal Society, twenty-five years after Newton's death, and eleven after

the publication of Madley's invention, wiiich might be, and probably was,

indopendcnt of any knowledge of Newton's, though Hutton insinuates the
contrary.
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twecn tho first and last directions of a ray which has sufrercd
two reflections in one plane is equal to twice the inclination
of the reflecting surfaces to each other." Let A B bo the
limb, or graduated arc, of a por-

tion of a circle 60° in extent, ^^c
but divided into 120 equal parts.

On the radius C B let a sil-

vered plann glass D be fixed, at

right angles to the plane of the

circle, and on tho moveable ra- // // \\ q'

dius C E let another such sil-

vered glass, C, be fixed. The
glass D is permanently fixed

parallel to A C, and only one Imlf of it is silvered, the other
half allowing objects to be seen through it. The glass C is

wholly silvered, and its plane is parallel to the length of the
moveable radius C E, at the extremity E of which a vernier
is placed to read off" the divisions of the limb. On the riidius

AC is set a telescope F, through which any object, Q.may
be seea by direct rays which pass through the unsilvered por-
tion of the glass D, while another object, P, is seen through
the same telescope by rays, which, after reflection at C, have
been thrown upon the silvered part of D, and are thence
directed by a second reflection into the telescope. The two
imagea so formed will both be seen in the field of view at
once, and by moving the radius C E will (if the reflectors be
truly perpendicular to the plane of the circle) meet and pass
over, without obliterating each other. The motion, however,
is arrested when they meet, and at this point the angle in-
cluded between the direction C P of one object, and F Q of
the other, is twice the angle EGA included between the
fixed and moveable radii C A, C E. Now, the graduations
of the limb being purposely made only half as distant as would
correspond to degrees, the arc A E, when read off", as if tlie

graduations were whole degrees, will, in fact, read double its

real amount, and therefore the numbers so read off will ex-
press not the angle EGA, but its double, the angle sub-
tended by the objects.

I 3
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(195.) To (Ictennino the exact dintunces l)ctwccn the Btars

by direct obaervation is compariitively of little service ; but

in nautical astronomy the meaaurcnjent of their distances

from the moon, and of tlicir altitudes, is of csacntiiil iniport-

and as the sextant requires no fixed aupport, butancc;

can bo held in the hand, and used on ship-board, the utility

of the instrument becomes at once obvious. For altitudes

at sea, OS no level, plumb-line, or artificial horizon can be

used, the aea-offing affords the only resource ; and tiio image

of the star observed, seen by reflection, is brought to coin-

cide with the boundary of the sea seen by direct rays. Thus

the altitude above the sea-line is found ; and tliis corrected

for the dip of the horizon (art. 23.) gives the true altitude of

the star. On land, an artificial horizon may be used (art. 173.),

and the consideration of dip is rendered unnecessary.

(196.) The adjustments of the sextant are simple. They

consist in fixing the two reflectors, the one on the revolving

radius C E, tlic other on the fixed ono C B, so as to have their

planes perpendicular to the plane of the circle, and parallel to

each other, when the reading of the instrument is zero. This

adjustment in the latter respect is of little moment, as its

effect is to produce a constant error, whose amount is readily

ascertained by bringing the two images of one and the same

star or other distant object to coincidence ; when the instru-

ment ought to read zeroj and if it does not, the angle which

it does read is the zero correction and must be subtracted

from all angles measured with the sextant. The former ad-

justments are essential to be maintained, nnd are performed

by small screws, by whose aid either or both the glasses may
bo '/Vted a little one way or another until the direct and re-

flected images of a vertical line (a plumb-line) can be brought

to coincidence over their whole extent, so as to form :i Hiuglc

unbn ^ n straight line, whatever be the position of th.* move-

abU a, in tlin middle of the field of view of the tiilescope,

whose axis is carefully adjusted by the opticia)i to parallelism

with the plane of the limb. In practice it is usual to leave

only the reflector D on the fixed radius adjustable, that on
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the moveable being sot to great nicety by the maker. In

this cue the best way «)f making the adjustment is tu viov

a pair of lines crossinp each otiicr at right angles (one

being horizontal the other vertical) througli the tclescojMj of

the instrument, holding the plane of its lind) vertical, — then

having brought the horizontal lino and its retlected iniugc to

coincidence by the motion of the radius, the two images of

the vertical arm must bo brought to coincidence by tilting

one way or other tho fixed reflector D by means of an
adjusting screw, with which every sextant is provided tor tiiat

purpose. When both lines coincide in the centre of the^eld
the adjustment is correct,

(197.) The reflecting circle is an instrument destined for

the same uses as the sextant, but more complete, tho circle

being entire, and the divisions carried all round. It is usually

furnished with three verniers, so as to admit of three distinct

readings off, by the average of which the error of gradtiation

and of reading is leduced. This is altogether a very refined

and elegant instrument.

(198.) "We must not conclude this part of our subject

without mention of the "principle

of repetition;" an invention of

liorda, by which tho error of gra-

duation may be diminished to any

degree, and, practically speaking,

annihilated. Let P Q 1 lo two ob-

jects which we may suppose fixf>d,

for purposes of mere explanaticiu,

and let K L be a telescope moveable

on 0, the common axis of two
circles, AM L and a be, of which

the former, AM L, is absolutely fixed in tho plane of the

objects, and carries the graduations, and the latter is freely

moveable on the axis. The telescope is attached per-

manently to the latter circle, and moves with it. An arm
Offl A c> ios the index, or vernier, which reads off the gra-

duate<l limb of the fixed circle. This arm is provided with

two dnmpB, by which it can be temporarily connected
I 4
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with either circle, and detached nt pleasure. Suppose, now,

the telescope directed to P. Clamp the index arm O A to

the inner circle, and unclamp it from the outer, and read ofF.

Then carry the telescope round to the other object Q. In so

doinf, the inner circle, and the index-arm which is clamped

to it, will also be carried round, over an arc A B, on the

graduated limb of the outer, equal to the angle P O Q. Now
clamp the index to the outer circle, and unclamp the inner,

and read off: the difference of readings will of course measure

the angle P O Q ; but the result will be liable to two sources

of error— that of graduation and that of observation, both

which it is our object to get rid of. To this end transfer the

telescope back to P, without unclamping the arm from the

outer circle ; then, having made the bisection of P, clamp the

arm to b, and unclamp it from B, and again transfer the

telescope to Q, by which the arm will now be carried with

it to C, over a second arc, B C, equal to the angle P Q.

Now again read off; then will the difference between this

reading and the original one measure twice the angle P Q,

affected with both errors of observation, but only with the

^. same error of graduation as before. Let this process be re-

peated as often as we please (suppose ten times) ; then will

the final arc A B C D read off on the circle be ten times the

required angle, affected by the joint errors of all the ten ob-

servations, but only by the same constant error of graduation,

which depends on the initial and final readings off alone.

Now the errors of observation, when numerous, tend to

balance and destroy one another ; so that, if sufficiently mul-

tiplied, their influence will disappear from the result. Tliere

remains, then, only the constant error of graduation, which

comes to be divided in the final result by the number of ob-

servations, and is therefore diminished in its influence to one

tenth of its possible amount, or to less if need be. The

abstract beauty and advantage of this principle seem to be

counterbalanced in practice by some unknown cause, which,

probably, must be sought for in imperfect clamping.

(199.) Micrometers are instruments (as the name im-
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ports*) for measuring, with great precision, small angles, not

exceeding a few minutes, or at most a whole degree. They

are very various in construction and principle, nearly all,

however, depending on the exceeding delicacy with which

space can be subdivided by the turns and parts of a turn of

fine screws. Thus— in the parallel wire micrometer, two

parallel threads (spider's lines are generally used) stretched

on sliding frames, one or both moveable by screws in a di-

rection perpendicular to

that of the threads, are

placed in the common
focus of the object and

eye-glasses of a tele-

scope, and brought by

the motion ofthe screws

exactly to cover the two extremities of the image of any small

object seen in the telescope, as the diameter of a planet, &c., the

angular distance between which it is required to measure. This

done, the threads are closed up by turning one of the screws till

they exactly cover each other, and the number of turns and

parts of a turn required gives the interval of the threads,

which must be converted into angular measure, either by ac-

tual calculation from the linear measure of the threads of the

screw and the focal length of the object-glass, or experiment-

ally, by measuring the image of a '-nown object placed at a

known distance (as a foot-rule at a hundred yards, &c.) and

therefore subtending a known angle.

(200.) The duplication of the image of an object by optical

means furnishes a valuable and fertile resource in micrometry.

Suppose by any optical contrivance the single image A of

any object can be converted into two, exactly equal and

similar, A B, at a distance from one another, dependent (by

A C

* MiKpof, small ; utrptty, to measure.
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some mechanical movement) on ihe will of the obscrverj and

in any required direction from one another. As these can,

therefore, be made to approach to or recede from each other

at pleasure, they may be brought in the first place to aj)-

proach till they touch one another on one side, as at A C, and

then being made by continuing the motion to cross and touch

on the opposite side, as A D, it is evident that the quantity

of movement required to produce the change from one con-

tact to the other, if uniform, will measure the double diameter

of the object A.

(201.) Innumerable optical combinations may be devised to

operate such duplication. The chief and most important

(from its recent applications), is the heliometcr, in which the

image is divided by bisecting the object-glass of the telescope,

and making its two halves, set in separate brass frames, slide

laterally on each other, as A B, the motion being produced

and measured by a screw.

Eacli half, by the laws of

optics, forms its own image

(somewhat blurred, it is true,

by diffraction *), in its own
axis ; and thus two equal and

similar images are formed side

by side in the focus of the

eye-piece, which may be made
to approach and recede by the

motion of the screw, and thus afford the means of measure-

ment as above described.

(202.) Double refraction through crystallized media affords

another means of accomplishing the same end. "Without

going into the intricacicB of this difficult branch of optics, it

will suffice to state that objects viewed .lirough certain crys-

tals (as Iceland spar, or quartz) appear double, two images

equally distinct being formed, whose angular distance from

each other varies from nothing (or perfect coincidence), up to

• l'hi« might btt cured, though at an expense of Hght, by limiting each half
to a circular space by diaphragms, as represented by the dotted lines.
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a certain limit, according to the direction with respect to a

certain fixed line in the crystal, called its optical axis. Su])-

pose, then, to take the simplest case, that the eye-lens of a

telescope, instead of glass, were formed of such a crystal (say

of quartz, which may be worked as well or better than glass),

and of a spherical form, so as to offer no difference when
turned about on its centre, other than the inclination of its

opticnl axis to the visual ray. Then when that axis coincides

with the line of collimation of the object-glass, one image

only will be seen, but when made to revolve on an axis

perpendicular to that line, two will arise, opening gradually

out from each other, and thus originating the desired dupli-

cation. In this contrivance, the angular amount of the

rotation of the sphere affords the necessary datum for

determining the separation of the images.

(203.) Of all methods which have been proposed, however,

the simplest and most unobjectionable would appear to be

the following. It is well known to every optical student,

that two prisms of glass, a flint and a crown, may be opposed

to each other, so as to produce a colourless deflection of paral-

lel rays. An object seen through such a compoimd or

achromatic prism, will be seen simply deviated in direction,

but in no way otherwise altered or distorted. Let such a

prism be constructed with its surfaces so nearly parallel that

the total deviation produced in traversing them shall not ex-

ceed a small amount (say 5'). Let this be cut in half, and

from each half let a circular disc

be formed, and cemented on a

circular plate of parallel glass, or

otherwise sustained, close to and

concentric with the other by a

framework of metal so light as to

intercept but a small portion of the

light which passes on the outside

(as in the annexed figure), where

the dotted lines represent the

mdii sustaining one, and the un-



124 OUTLINES OF A8TRONOMV.

1

lil

dotted those carrying the other disc. The whole, must he

80 mounted as to allow one disc to revolve in its own plane

behind the other, fixed, and to allow the amount of rotation

to be read off. It is evident, then, that when the deviations

produced by the two discs conspire, a total deviation of 10'

will be effected on all the light which lias passed through

them; that when they oppose each other, the rays will

emerge undeviated, and that in intermediate positions a de-

viation varying from to 10', and calculable from the angu-

lar rotation of the one disc on the other, will arise. Now,
let this combination be applied at such a point of the cono

of rays, between the object-glass and its focus, that the discs

shall occupy exactly half the area of its section. Then will

half the light of the object lens pass undeviated— the other

half deviated, as above described ; and thus a duplication of

image, variable and measureable (as required for micrometric

measurement) will occur. If the object-glass be not verv

large, the most convenient point of its application will be ex-

ternally before it, in which case the diameter of the discs

will be to that of the object-glass as 707 : 1000; or (allow-

ing for the spokes) about as 7 to 10.

(204.) The Position Micromete$' is simply a straight thread

or wire, which is carried round by a smooth revolving motion,

in the common focr.s of the object and eye-glasses, in a piano

perpendicular to the axis of the telescope. It serves to de-

termine the situation with respect to some fixed line in the

field of view, of the line joining any two objects or points of

an object seen in that field— as two stars, for instance, near

enough to be seen at once. For this pui-pose the moveable

thread is placed so as to cover both of them, or stand, as may
best be judged, parallel to their line of junction. And its

angle, with the fixed one, is then read off upon a small

divided circle exterior to the instrument. When such a
micrometer is applied (as it most commonly is) to an equa-

torially mounted telescope, the zero of its position coiTcsponds

to a direction of the wire, such as, prolonged, will represent

a circle of declination in the heavens— ami the " ansrlea

of position" so read off are reckoned invariably from one
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ceding ; so that 0° position corresponds to the situation of an

object exactly north of that assumed as a cent;e of reference,

— 90° to a situation exactly eastward, or foUowing ; 180°

exactly south ; and 270° exactly west, or preceding in the

order of diurnal movement. When the relative position of

two stars, very near to each othfer, so as to be seen at once

in the same field of view, is to be determined in this way,

especially if they be of unequal magnitudes, the best form of

the instrument consists, not in a single thin wire to be placed

centrally* across both the stars, but in two thick parallel

wires, betiveen which both stars are brought under inspection

in a symmetrical situation, by which arrangement the paral-

lelism of the line joining their centers with the direction of

the wires can be very much more accurately judged of. It

gives great advantage, moreover, to the precision of such a

judgment, if the position of the observer be such as to bring

the principal section of his eye (that which in his upright

position is vei-tical) into parallelism with the wires.

(204 c) To see the fiducial threads or wires of an eye-

piece or micrometer in a dark night is impossible without

introducing some artificial light into the telescope, so as

either to illuminate the field of view, leaving the threads

dark, or vice versd. To illuminate the field, the light of a
lamp is introduced by a lateral opening into the tube of the

telescope, and dispersed by reflexion on a white unpolished

surface, so arranged as nc t to intercept any part of the cone
of ray going to form the image. For illuminating the wires,

direct lamp light is thrown on them from the side towards
the eye ; the superfluous rays being stifled by foiling on a
black internal coating, or suffered to pass out to the tube
through an opposite aperture opening into a dark chamber.

(204 b.) When the wires are seen dark on an illuminated

field, the colour of the illuminating light is of great import-
ance. As a matter of experience, it is certain that a red illu-

mination affords a far sharper and clearer view of the wires
than any other.

(204 e.) For observing the sun, darkening glasses arc neces-
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sary. In this case red glasses are inappropriate, because

they transmit the solar heat freely, by which the eye would

be seriously injured, and even \hen very deep tinted, render

prolonged inspection intolerably painful. Green glasses are

free from this objection. Both the light and heat of the sun,

however, may be subdued by reflexion at glass surfaces, the

light returned by regular reflexion on glass being only about

2^ per cent, of that incident on it. A reflecting telescope

specifically adapted for viewing the sun may be constructed

by making the specula of glasSj the object mirror having the

form of a double concave lens, whose anterior surface (that

producing the image) is worked into a paraboloid of the

proper focal length, and the posterior to a sphere of consi-

derably greater curvature to transmit and disperse out-

wards the refracted rays into the open air behind (for which

purpose the telescope should be open at both ends) and to so

weaken those reflected by dispersing them as not to in-

terfere with the distinctness of the image. Neither the

quality of the glass, nor accuracy of figure in the posterior

surface is of any importance to the good performauce of such

a reflector.* Should the light be not sufliciently enfeebled

by the first reflexion, it may be still further reduced (to

about 1— 900"* part of its original intensity) by miking the

small speculum of glass also in the form of a prism ; the re-

flection being performed on one of its exterior surfaces, and

the refracted portion being turned away and thrown out at

the other.

(204 rf.) Advantage may be also taken (as in Sir D.
Brewster's polarizing eye-piece) of the properties of polarized

light, which may be diminished in any required degree

by partial reflexion in a plane at right angles to that of its

first oblique reflexion. Or without polarization, the light

may be enfeebled by successive reflexions between parallel

surfaces to any extent.

(204 e.) When the object in view is to scrutinize, under

* T would take this opportunity earnestly to recommend the construction of a
iidioacnpc on this principle, first propounded and more fully described in tny
Cape observations (p. 43fi) to the attention of the practical optician. (Author.)
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high magnifying powers, minute portions of the solar disc

;

tlie light and heat of the general surfiice may be intercepted

by a metallic screen placed in the focus where the image is

formed, and pierced with a very small hole, allowing that

minute portion only to pass through and be examined with

the eye-piece ; the observer being thus defended from the

glare. By this arrangement, Mr. Dawes, to whom the

idea is due, has been enabled to observe some very extra-

ordinary peculiarities in the constitution of the sun's sur-

face, discernible in no other way, an account of which will

be found in their piuper place.

(204/.) Since the use of large reflectors has become
common among astronomers, the necessity of supporting

the ponderous masses of their specula without constraint or

undue pressure in any direction (which would distor che

figure of their polished surfaces), renders the use of some

ready method of verifying, from instant to instant, the ad-

justment of their lines of collimation (or the optical axis of

the reflectors), and of readjusting it, when shifted, indis-

l)ensable. For this purpose, a small coUimating telescope

(Art. 178.), illuminated by reflexion from a lamp outside, is

fixed within the tube of the reflector, its object-end being

turned towards the speculum. Upon the image of the cross-

wires of this telescope formed in the focus of the reflector,

and seen through its eye-piece as a real object, the transits

and altitudes of celestial objects may be observed as if it

consisted of actual wires ; for these, it is manifest, if onco

placed so as to bisect a star, will continue to do so, whatever

amount of tilting tho reflector might be subjecied to, either

in a lateral or vertical plane. The rays from the star and the

axis of the collimator remaining parallel, the latter axis,

and not that of the reflector, becomes in fact the real line of

collimation or optic axis of the instrument, when objects are

thus directly referred to it. Should conver?ierce of micro-

metric measuiement, or the observation of faint objects in a

very feebly illuminated field, preclude such direct refereuoe,

the position of the speculum must from ti ne to time be ex-

amined, and if faidty, readjusted by bringing the micrometer

1
I
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wires to coincidence with the image of those of the collima-

tor by an appropriate meclianism communicating the requisite

small amount of movement to the speculum iu its cell.*

* Sec riiil. Trans, IR3.1, pp. 148-!}, where this applicnlion of the collimating

principle used by the author since 1H:!3, is first dcscriUcd. See also •' Results

of astronomical observation at the Cape of Good Hope," preface, p. xiv. It is

to be presumed that Mr. Stoney in bringing before the liritish Association in

IS.'iG, this application of the collimating principle as a novelty has been unaware

of this its prior use since he has not alluded to it. The direct reference of

objects to the collimatiri); cross, described in the text, would seem to have been

overlooked by him. I'heso remarks apply to the report of the conteutt of his

paper publbhed in the " Atbenicum" of August 30th, ISS6.
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CHAPTER IV.

OF GEOGRAPHY.

OF THE PIGtmE OF THE EARTH ITS EXACT DIMENSIONS ITS
FOUM THAT OP EQUILIBRIUM MODIFIED BY CENTRIFUGAL FORCE.— VARIATION OF GRAVITY ON ITS SURFACE.— STATICAL AND
DYNAMICAL MEASURES OP GRAVITY—THE PENDULUM.—GRAVITY
TO A SPHEROID OTHER EFFECTS OF THE EARTH's ROTATION.— TRADE WINDS CYCLONES FOUCAULt's PENDULUM EXPE-
RIMENT—THE GYROSCOPE.— DETERMINATION OF GEOGRAPHICAL
POSITIONS OF LATITUDES.—OF LONGITUDES CONDUCT OP A
TRIGONOMETRICAL SURVEY OF MAPS PROJECTIONS OF THE
8PUEBB MEASUREMENT OF HEIGHTS BY THE BAROMETER.

(205.) Geography is not only the most important of the
practical branches of knowledge to which astronomy is
applied, but it is also, theoretically speaking, an essential
part of the latter science. The earth being the general station
from which we view the heavens, a knowledge of the local
situation of particular stations on its surface is of great con-
sequence, when we come to inquire the distances of the nearer
heavenly bodies from us, as concluded from observations of
their parallax as well as on all other occasions, where a
difference of locality can be supposed to influence astronomical
results. We propose, therefore, in this chapter, to explain
the principles, by which astronomical observation is applied
to geographical determinations, and to give at the same time
an outline of geography so far aa it is to be considered a part
of astronomy.

(206.) Geography, as the word imports, is a delineation or
description of the earth. In its widest sense, this compre-
hends not only the delineation of the form of '.ts continents
and seas, its rivers and mountains, but their physical condition,
cUmates, and products, and their appropriation by communi-
ties of men. With physical and political geography, however,
we have no concern here. Astronomical geography has for

K
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its objects the exact knowloclf^o of the form and (limcn85on»

of the earth, the imrls of its surliicc occupica hy yea and land,

and the configuration of the surface of tlic hitter, regarded as

protuberant above the ocean, and broken into the various

forms of mountaiti, table hmd, and valley ; neither should the

form of the bed of the ocean, regarded iis a continuation of

the surface of the land beneath the water, be left out of con-

sideration: wc know, it is true, very little of it; but this is

an ignorance rather to be lamented, and, if possible, remediecl,

than acquiesced in, inasmuch as there are many very im-

portant I ranches of inquiry which would be greatly advanced

by a better acquaintance with it,

(207.) With regard to the figure of the earth as a whole,

we have already shown that, ei)caking loosely, it may be

regarded ;, spherical ; but the reader who has duly appreciated

the remarks in art. 22. will not be at a loss to perceive that

this result, (ioncluded from observations not susceptible of

much exactness, and embracing very small portions of the

surface at once, can only be regarded as a first approximation,

and may require to be materlully modified by entering into

minutiiE before neglected, or by increasing the delicacy of our

observations, or by including in their extent larger areas of

its surface. For instance, if it shoidd turn out (as it will),

on minuter inquiry, that the true figure is somewhat ellip-

tical, or flattened, in the manner of an orange, having the

diameter which coincides with the axis about ^outh part shorter

than the diameter of its equatorial circle ;— this is so trifling

a deviation from the spherical form that, if a model of such

proportions were turned in wood, and laid before us on a

table, the nicest eye or hand would not detect the flattening,

since the difference of diameters, in a globe of fifteen inches,

would amount only to -j^th of an inch. In all common

parlance, and for all ordinary purposes, then, it would still be

called a globe ; while, nevertheless, by careful measurement,

the difference would not fail to be noticed ; and, speaking

strictly, it would be termed, not a globe, but an oblate

ellipsoid, or spheroid, which is the name appropriated by

geometers to the form above described.
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(208.) The sections of such a figure by a piano arc not
circles, but ellipses; so that, on such a shaped earth, tho
horizon of a spectator would nowhere (except at the poles)

be exactly circular, but somewhat elliptical. It is easy to

demonstrate, however, that its deviation from tho circular

form, arising from so very slight an " cllipticifi/" as above
BU{)po8cd, would be quite imperceptible, not only to our eye-
sight, but to the test of tho dip-sector; so that by that mode
of observation wo should never bo led to notice so small a
deviation from perfect 8i)hericity, How we are led to this

conclusion, as a practical residt, will appear, when we have
explained the means of determining with accuracy the di-

mensions of the whole, or any part of tho earth.

(209.) As we cannot grasp the earth, nor recede from it

far enough to view it at once as a whole, and compare it with
a known standard of measure in any degrcio commensurate
to its own size, but can only creep about upon it, and apply
our diminutive measures to comparatively small parts of its

vast surface in succession, it becomes necessary to supply, by
geometrical reasoning, the defect of our physical powers, and
from a delicate and careful measurement of such small pattj

to conclude tho form and dimensions of the whole mass.
This would present little difficulty, if we were sure the earth

were strictly a sphere, for the proportion of the circumfer-

ence of a circle to its diameter being known (viz. that of
3-1415926 to I'OOOOOOO), we have only to ascertain tho
length of tho entire circumference of any great circle, such
as a meridian, in miles, feet, or any other standard units, to
know the diameter in units of the same kind. Now, the cir-

cumference of the whole circle is known as soon as we 1- mow
the exact length of any aliquot part of it, such as 1° or ^th
part ; and this, being not more than about seventy miles in

len 'th, is not beyond the limits of very exact measurement,
and could, in fact, be measured (if we knew its exact termi-

nation ut each extremity) within a very few feet, or, indeed,

inches, by methods presently to be particularized.

(210.) Supposing, then, we were to begin measuring with
all due nicety from any station, in the exact direction of a

I

K a
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meridian, and go meufluring on, till by BOine indication wo

were informed that wo had accomplished an exact df(jree from

the i)olnt we set out from, our problem would then be at onco

resolved. It only remains, therefore, to inquire by what

iiulicationa wo can bo sure, Ist, that we have advanced an

exact decree ; and, 2dly, that we liavo been measuring in the

exact direction of a great circle.

(211.) Now, the earth has no landmarks on it to indicate

degrees, nor traces inscribed on its surface to guido us in such

a course. The compass, though it affords a tolerable guido

to the mariner or the traveller, is far too uncertain in it«

indications, and too little known in its laws, to be of any w ;

in such an operation. We must, therefore, look cutwards,

and refer our situation on the surface of our globe to natuial

marks, external to it, and which arc of equal permanence and

Btability with the earth itself. Such mai-ks are atlbrded by

the 8tors. By observations of their meridian altitudes, per-

formed at any station, and from their known polar distamos,

wo conclude the height of the pole ; and since the altitude of

the pole is equal to the latitude of the place (art. 119), the

same observations give the latitudes of any stations whore wo

may establish the requisite instruments. When our latitude,

then, is found to have diminished a degree, we know that,

provided we have kept to the meridian, we have described ono

three hundred and sixtieth part of the earth's circumference.

(212.) The direction of the meridian may be secured at

every instant by liic observations described in art. 162. 188.;

and although local tlifficulties may oblige us to deviate in our

measurement from this exact direction, yet if we keep a strict

account of the amount of this deviation, a very simple calcu-

lation will enable us to reduce our observed measure to its

meridional value.

(213.) Such is the principle of that most important geo-

graphical operation, the measurement of an arc of the meri-

dian. In its detail, however, a somewhat modified course

must be followed. An observatory cannot be mounted and

dismounted at every step ; su that we cannot identify and

measure an exact degree neither more nor Isss. But this is
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of no consequence, provided wo know with cquii precision

how much, more or less, wo have measured. In plao;, tlnon,

of measuring this precise aliquot pur , we tako the mt :q

convenient method of measuring from one good observing
station to another, about a degree, or two or three degrees,

m the case may hr, or indeed any determinate angular
interval apart, and ietermining by astronomical observation
tiie precise difference of latitudes betwc( the stations.

(214.) Aga'n, it ij of great cousequv . e to ivoid in this

operation every source of uncertainty , because an error c 'ra-

ni itted in the length of a single <^ greo will br nultip, d
360 times in the circumference, at nfurl) 115 i lea in the
diameter of the earth concluded f ^ir. it. Vny ei or which
may afFeot the astronomical detenninatioa «i a star's altitude

will be especially influential. Now, there is still too much
uncertainty and fluctuation in the amount of refrai ion at
moderate altitudes, not to make it espcially desirable to

avoid this source of error. To effect this, wj take care

to bJect for observ.tion, at the extreme stationi, jome tar

which passes through or near the zeniths of I th. The
amount of refraction, within a few fiegrece of the zenith, is

very small, and its fluctuations and uncertainty, in point of
quantity, bo excessively minute as to be utterl inappretiablc.

Now, it is the same thing whether we observe X\m pole to bo
raised or depressed a degree, or the zenith distance of a star

when on the meridian to h; ve cbnnged by the same quantity
(fig. art. 128.). If at one station we obsc. ,e any star to pasa

through the zenith, and at the other to pass one degree
south or north of the zenith, we are sure that the geograi)hical

latitudes, or the altitudes of the pole at the two stations,

must differ by thi: same »ount.

(215.) Granting that the terminal points of one degn n

can be ascertained, its length nay be measured by the

methods which will be presently described, as we have before

remarked, to within a very few feet. Now, the error which
may be committed in fixing each of these terminal points

cannot exceed that which may be committed in the observa-
tion of the zenith distance of a star properly situated for the

K 3
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purpose in question. This error, Avith proper care, can

hardly exceed half a second. Supposing we grant the possi-

bility of ten feet of error in the length of each degree in a

measured arc of five degrees, and of half a second in each

of the zenith distances of one star, observed at the northern

and southern stations, and, lastly, suppose all these errors to

conspire, so as to tend all of them to give a result greater, or

all less, than the truth, it will appear, by a very easy pro-

portion, that the whole amount of error which would be thus

entailed on an estimate of the earth's diameter, as concluded

from such a measure, would not exceed 1147 yards, or about

two thirds of a mile, and this is ample allowance.

(216.) This, however, supposes that the form of the earth

is that of a perfect sphere, and, in consequence, the lengths

of its degrees in all parts precisely equal. But, when we

come to cofjpare the measures of meridional arcs made in

various parts of the globe, the results obtained, although

they agree sufficiently to show that the supposition of a

spherical figure is not very remote from the truth, yet exhibit

discordances far r;reater than what we have shown to be

attributable to error of observation, and which render it

evident that the hypothesis, in strictness of its wording, is

untenable. The following table exhibits the lengths of arcs

of the meridian (astronomically determined as abovfe de-

scribed), expressed in British standard feet, as resulting from

actual measurement maae with all possible care and precision,

by commissioners of various nations, men of the first emi-

nence, supplied by their respective governments with the best

instruments, and furnished with every facility which could

tend to ensure a successful result of their important labours.

The lengths of the degrees in the last column are derived

from the numbers set down in the two preceding ones by

simple proportion, a method not quite exact when the arcs

are large, but suflliciently so for our purpose.
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Moa»urpd
Length in
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tlio l)eKrc«
at tliR Mid-
dip Lati-
tude ill

Feet,

Sweden*, A B . + 66° 20' 10" -0 1° 37' 19" -6 593277 365744
Sweden, A - - + 66 19 37 57 SO'4 351832 367086 1

Kussia, A • • + 58 17 37 3 35 5 2 1309742 365368
Hu'isia, B - - + 56 3 55-5 8 2 28-9 2937439 365291
Prussia, B - - + 54 58 26 '0 1 30 29 551073 365420 .

Denmark, B - + 54 8 13-7 1 31 53-3 559121 365087
Hanover, A B - + 52 32 166 2 57-4 736425 365300
En-iland, A - - + 52 35 45 3 57 13-1 1442953 36^971
England, P . • + 52 o 19-4 2 50 23-5 1036409 3C4951
I'Vanee, A - - + 46 52 2 8 20 0'3 3040605 364872
France, A B - + 44 51 2-5 12 22 12-7 4509832 .364572

Rome, A - - + 42 59 — 2 9 47 787919 364262
America, A - + 39 12 — t 2S 45-0 ,538100 363786
India, A B + 16 8 21-5 15 57 40-7 5794598 363044
India, A B + 12 32 20 8 1 34 56-4 574318 36a956
Peru, A B - 1 31 0-4 3 V 3-5 1131050 363626
Cape of Good Hope, A -33 IS 30 1 13 17-5 445506 364713
Cape oi' Good Hope, B -35 43 200 3 34 34-7 1301993 364060

It is evident from a mere inspection of the second and fifth

columns of this table, that the measured length of a degree in-

creases I'jith the latitude, being greatest near the poles, and

least near the equator. Let us now consider what inter-

pretation is to be put upon this conclusion, as regards the

form of the earth.

(217.) Suppose we held in our hands a model of the earth

smoothly turned in wood, it would be, as already observed, so

nearly spherical, that neither by the eye nor the touch, un-

assisted by instruments, could we detect any deviation from

that form. Suppose, too, we were debarred from measuring

directly across from surface to surface in different directions

• The astronomers by whom these measurements were executed were as

follows :—
Sweden, A B— Svanberg,

Sweden, -A— Maupertuis.

Russia, A— Struve.

Russia, B— Struve, Tenner.

Prussia— Bessel, Bayer.

Denmark— Schumacher.
Hanover— Gauss.

England— Roy, Kater.

France, A~ Lacaille, Cassini.

France, A B— Delambre, Mechain.
Rome— Boseovich,

America— Mason and Dixon, .

India, 1st— Lambton,
India, 2d— Lambton, Everest.

Peru— Lacondaminc, Bouguer.
Cape of Good Hope, A— I^acaille.

Cape of Good Hope, B— Maclear.

— Attr. Naekr. 574.

K 4
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with any instrument, by which we might at once ascertain

whether one diaractcr were longer than another ; how, then,

we may ask, are we to ascertain whether it is a true sphcrcor

not? It is clear that we have no resource, but to endeavour

to discover, by some nicer means than simple inspection or

feeling, whether the convexity of its surface is the same in

every part ; and if not, where it is greatest, and where least.

Suppose, then, a thin plate of

metal to be cut into a con-

cavity at its edge, so as ex-

actly to fit the surface at A :

let this now be removed from

A, and applied successively

to several other parts of the

surface, taking care to keep its

plane always on a great circle

of the globe, as here represented. If, then, we find any

position, B, in which the light can enter in the middle be-

tween the globe and plate, or any other, C, where the latter

tilts by pressure, or admits the light under its edges, we

are sure that the curvature of the surface at B is less, and

at C greater, than at A.

(218.) Wliat we here do by the application of a metal plate

of determinate length and curvature, we do on the earth by

the measurement of a degree of variation in the altitude of

the pole. Curvature of a surface is nothing but the continual

deflection of its tangent from one fixed direction as we ad-

vance along it. When, in the same measured distance of

advance we find the tangent (which answers to our horizon)

to have shifted its position with respect to a fixed direction

in space, (such aa the axis of the heavens, or the line joining

the earth's centre and some given star,) more in one part of

the earth's meridian than in another, we conclude, of necessity,

that the curvature of the surface at the former spot is greater

than at the latter ; and vice versd, when, in order to produce

the same change of horizon with respect to the pole (sup-

pose 1°) we require to travel over a longer measured space at

one point than at another, we assign to that point a less cur-
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vature. Hence we conclude that the curvature of a meridional

section of the earth is sensibly greater at the equator than to-

wards the poles; or, in other words, that the earth is not

spherical, hniflattened at the poles, or, whicli comes to the

same, protuberant at the equator.

(219.) LetNABDEF represent a meridional section of the

earth, C its centre, and-N A, BD, G E, arcs of a meridian.

each correGj)oiiding to one degree of difference of latitude, oi'

to one degree of variation in the meridian altitude of a star,

as referred to the horizon of a spectator travelling along the

meridian. Let n N, a A, SB, rf D, ^ G, c E, be the respective

directions of the plumb-line at the stations N, A, B, D, G, E,

of which we will suppose N to be at the pole and E at the

equator ; then will the tangents to the surTace at these points

respectively be perpendicular to these directions ; and, con-

sequently, if each pair, viz. n N and a A, 6 B and dD, gG
and e E, be prolonged till they intersect each other (at the

points X, y, z), the angles N a; A, B 3/ D, G r E, will each be

one degree, and, therefore, all equal ; so that the small cur-

vilinear arcs N A, B D, G E, may be regarded as arcs of

circles of one degree each, described about x, y, z, as centres.

These are what in geometry are called centres of curvature,

and the radii x N or a; A, y B or y D, z G or ^ E, represent

radii of curvature, by which the curvatures at those points

:l

w
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are determined and measured. Now, as the arcs of different

circles, which subtend equal angles at their respective cen-

tres, are in the direct proportion of their radii, and as the arc

N A is greater than B D, and that again than G E, it follows

that the radius Nx must be greater than By, and By than

E z. Thus it appears that the mutual intersections of the

plumb-lines will not, as in the sphere, all coincide in one

point C, the center, but will bo arranged along a certain

curve, X y z (which will be rendered more evident by con-

sidering a number of intermediate stations). To this curve

geometers have given the name of the evolute of the curve

N A B D G E, from whose centers of curvature it is con-

structed.

(220). In the flattening of a round figure at two opposite

points, and its protuberance at points rectangularly situated

to the former, we recognize the distinguishing feature of the

elliptic form. Accordingly, the next and simplest supposition

that we can make respecting the nature of the meridian,

since it is proved not to be a circle, is, that it is an ellipse, or

nearly so, having N S, the axis of the earth, for its shorter,

and EF, the equatorial diameter, for its longer axis; and

that the form of the earth's surface is that which would arise

from making such a curve revolve about its shorter axis N S.

This agrees well with the general course of the increase of

the degree in going from the equator to the pole. In the

ellipse, the radius of curvature at E, the e;ctremity of the

longer axis is the least, and at that of the shorter axis, the

greatest it admits, and the form of its evolute agrees with that

here represented.* Assuming, then, that it is an ellipse, the

geometrical properties of that curve enable us to assign the

proportion between the lengths of its axes which shall cor-

respond to any proposed rate of variation in its curvature, as

well as to fix upon their absolute lengths, corresponding to

any assigned length of the degree in a given latitude. With-

out troubling the reader with the investigation, (which may

be found in any work on the conic sections,) it will be suf-

* The dotted lines are the portions of tlie evolute belonging to the other

quadrants.
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ficient to state the results which have been arrived at by the

most systematic combinations of the measured arcs which

have hitherto been made by geometers. The most recent is

that of Bessel *, who by a combination of the ten arcs, marked

B in our table, has concluded the dimensions of the terrestrial

spheroid to be as follows :
—

Greater or equatorial diameter ...
Lesser or polar diameter ....
Difference of diameters, or polar compression

Proportion of diameters as 299*15 to 298-l.'>,

Feet. Milea.

41,847,192 = 7925-604
41,707,324 = 7899'114

139,768 = 26 •471

The other combination whose results we shall state, is that

of Mr. Airy f, who concludes as follows : —
Feet. Milea.

Equatorial diameter ..-.-= 41,847,426 = 7925-648
Polar diameter =41,707,620 = 7899 170
Polar compression .... . bs 139,806 «s 26-478
Proportion of diameters as 299*33 to 298-33.

These conclusions are based on the consideration of those

13 arcs, to which the letter A is annexed %, and of one other

arc of 1° 7' 31"*1, measured iu Piedmont by Plana and

Carlini, whose discordance with the rest, owing to local

causes hereafter to be explained, arising from the exceedingly

mountainous nature of the country, render the propriety of so

employing it very doubtful. Be that as it may, the strikingly

near accordance of the two sets of dimensions is such as to

inspire the greatest confidence in both. The measurement at

the Cape of Good Hope by Lacaille, also used in this deter-

mination, has always been regarded as unsatisfactory, and

has recently been demonstrated by Mr. Maclcar to be erro-

neous to a considerable extent. The omission of the former,

and the substitution for the latter, of the far preferable result

of Mr. Maclear's second measurement would induce, however,

but a trifling change in the final result.

(221.) Thus we see that the rough diameter of 8000 miles

we have hitherto used, is rather too great, the excess being

• Schumacher's Astronomische Nachrichten, Nos. 333, 334, 335. 438.(1841).

t Encyolopnedia Metropolitana, "Figure of the Earth" (1831).

\ In those which have both A and fi, the numbers used by Mr. Airy dilFcr

slightly from Bessel's, which are those we have preferred.
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about 100 miles, or ^*,th part. As convenient numbers to

remember, the reader may bear in mind, that in our latitude

there arc Just iw '.uany thousands of feet in a degree of the

meridiaTi -m ibfir^i are diys in the year (365): that, speaking

loosely a '^'.,<(Tec is abous 70 British statute miles, and a

second .bo(i; 100 feet ; tJu'.t . he equatorial circumference of

the eari! is a little Iss tb;.« 25,000 miles (24,899), and the

ellipticity or polav flattenm^^ amounts to one 300th part of

tl.'0 diamtcor.

(222.) The two sets of results above stated are placed in

juxtaposition, and the particulars given more in detail than

lay at first sight appear consonant, either with the general

plan of this work, or lUo state of the reader's presumed ac-

iiuciiitauce with ihe subject. But it is of importance that he

Bhou'y early r r' made to secj how, in astronomy, results in ad-

mirable concordance emerge from data accumulated from

totally different quarters, and how local and accidental ir-

regxdarities in the data ti>emselves become neutralized and

obliterated by their impartial geometrical treatment. In the

cases before us, the modes of calculation followed are widely

different, and in each the mass of figures to be gone through

to arrfve at the result, enormous.

(223) The supposition of an elliptic form of the earth's

section through the axis is recommended by its simplicity,

and coniirmed by comparing the numerical results we have

just set down with those of actual measurement. When this

comparison is executed, discordances, it is true, are observed,

which, although still too great to be referred to error of mea-

surement, are yet so small, compared to the errors which

would result from the spherical hypothesis, as completely to

justify our regarding the earth as an ellipsoid, and referring

the observed deviations to either local or, if general, to com-

paratively small causes.

(224.) Now, it is highly satisfactory to find that the gene-

ral elliptical figure thus practieaUi; proved to exist, is precisely

what ouffht theoretically to result from the rotation of the

earth on its axis. For, let us suppose the earth a sphere, at

rest, of uniform materials throughout, and externally coveroJ
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with an ocean of equal depth in every part. Under such

circumstimcea it would obviously be in a state of equilibrium ;

and the water on its surface would have no tendency to run

one way or the other. Suppose, now, a quantity of its ma-
terials were taken from the polar regions, and piled up all

around the equator, so as to produce that difference of the

polar and equatorial diameters of 26 miles which we know to

exist. It is not less evident that a mountam ridge or equa-

torial continent, only, would be thus formed, down which the

water would run into the excavated part at the poles.

However solid matter might rest where it was placed, the

liquid part, at least, would not remain there, any more than

if it were thrown on the side of a hill. The consequence

therefore, would be the formation of two great polar seas,

hemmed in all round by equatorial land. Now, this is by no

means the case in nature. The ocean occupies, indifferently,

all latitudes, with no more partiality to the polar than to the

equatorial. Since, then, as we see, the water occupies an

elevation above the centre no less than 13 miles greater at

the equator than at the poles, and yet manifests no tendency

to leave the former and run towards the latter, it is evident

that it must be retained in that situation by some adequate

power. No such power, however, would exist in the case we
have supposed, which is therefore not conformable to nature.

In other words, the spherical form is not the Jiffure of equi-

librium ; and there/ore the earth is either not at rest, or is so

internally constituted as to attract the water to its equatorial

regions, and retain it there. For the latter supposition there

is no primd facie probability, nor any analogy to lead us to

such an idea. The former is in accordance with all the phe-

nomena of the apparent diurnal motion of the heavens ; and

therefore, if it will furnish us with the power in question, we
can have no hesitation in adopting it as the true one.

(225.) Now, every body knows that when a weight is

whirled round, it acquires thereby a tendency to recede from

the centre of its motion ; which is called the centrifugal force.

A stone whirled roimd in a sling is a common illustration

;

but a better, for our present purpose, will be a pail of water.
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>f

suspended by ft cord, and made to spin round, while the cord

hanga perpendicularly. The surface of the water, instead of

remaining horizontal, will become concave,

as in the figure. The centrifugal force ge-

nerates a tendency in all the water to leave

the axis, and press towards the circum-

ference ; it is, therefore, urged against the

pail, and forced up its sides, till the excess

of height, and consequent increase of pre-

Bure downwards, just counterbalances its

centrifugal force, and a state of equilibrium

is attained. The experiment is a very easy

and instructive one, and is admirably cal-

cnlculated to show how the form of equili-

brium accommodates itself to varying cir-

cumstances. If, for example, we allow the

rotation to cease by degrees, as it becomes

slower we shall see the concavity of the

water regularly diminish ; the elevated out-

ward portion will descend, and the depressed central r'se,

while all the time a perfectly smooth surface is maintained,

till the rotation is exhausted, when the water resumes its

horizontal state.

(226.) Suppose, then, a globe, of the size of the earth, at

rest, and covered with a rniform ocean, were to be set in ro-

tation about a certain axis, at first very slowly, but by degrees

more rapidly, till it turned round once in twenty-four hours

;

a centrifugal force would be thus generated, whose general

tendency i>ould be to urge the water at every point of the

surface to recede from the axis. A rotation might, indeed,

be conceived so swift as to Jlirt the whole ocean from the

surface, like water from a mop. But this would require a

far greater velocity than what we now speak of. In the case

supposed, the weight of the water would still keep it on the

earth ; and the tendency to recede from the axis could only

be satisfied, therefore, by the water leaving the poles, and

flowing towards the equator ; there heaping itself up in a

ridge, just as the water in our pail accumulates against the
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side ; and being retained in opposition to its weight, or natural

tendency towards the centre, by the pressure thus caused.

This however, could not take place without hiying dry the

polar portions of the land in the fonn of immensely protube-

rant continents; and the difFerenco of our supposed cases,

therefore, is this:— in the former, a great equatorial conti-

nent and polar seas would be formed; in the latter, protube-

rant land would appear at the poles, and a zone of ocean bo

disposed around the equator. This would be the first or

immediate effect. Let us now see what would afterwards

happen, in the two cases, if things were allowed to take their

natural course.

(227.) The sea is constantly beating on the land, grinding

it down, and scattering its worn off particles and fragments,

in the state of mud and pebbles, over its bed. Geological

facts afford abundant proof that the existing continents have

all of them undergone this process, even more than once, and

been entirely torn in fragments, or reduced to powder, and

Bul)mcrged and reconstructed. Land, in this view of the

subject, loses its attribute of fixity. As a mass it might hold

together in opposition to forces which the water freely obeys

;

but in its state of successive or simultaneous degradation,

when disseminated through the water, in the state of sand or

nuid, it is subject to all the impulses of that fluid. In tho

lapse of time, then, the protuberant land in both eases would
be destroyed, and spread over the bottom of the ocean, filling

up the lower parts, and tending continually to remodel the

surface of the solid nucleus, in correspondence with the form
of equilibrium in both cases. Thus, after a sufficient lapse

of time, in the case of an earth at rest, the equatorial con-

tinent, thus forcibly constructed, would again be levelled and
transferred to the polar excavations, and the spherical figure

be so at length restored. In that of an earth in rotation, the

polar protuberances would gradually be cut down and dis-

appear, being transferred to the equator (as being then the

deepest sea), till tho earth would assume by degrees the form

we observe it to have— that of a flattened or oblate ellipsoid.

(228.) We are far from meaning here to trace the pro-

ti

\
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CC88 bij tohich the cartli really aasunicd ita actual form
;

all

wc intend is, to show that tl»i.i is the form to which, under

the conditions of a rotation on its axis, it must ttnd; and

which it would attain, even if originally and (so to speak)

perversely constituted otherwise^

(229.) But, further, the dimensions of the earth and the

time of its rotation being k wn, it is easy thence to calculate

the exact amount of the centrifugal force*, which, at the

equator, appears to be ,^^th part of the force or weight by

which all bodies, whether solid or liquid, tend to fall towards

th.- earth. By this fraction of its weight, then, the sea at the

equator is lightened, and thereby rendered susceptible of being

supported on a higher level, or more remote from the centre

than at the poles, where no such counteracting force exists

;

and where, in consequence, the water may be considered as

specifically lieavier. Taking this principle as a guide, and

combining it with the laws ( f gravity (as developed by

Newton, and as hereafter to be more fully explained), mathe-

maticians have been enabled to ii vestigate, > /jrion, what

would be the figure of equilibrium of such a body, constituted

internally as wo have ren on to believe the earth to be;

covered wholly or partially with a fluid ; and revolving uni-

formly in t-.v; ity-four hours; and the result of this inquiry

is found to agree very satisfactoiily w'th w''at experience

ehowr^ ' ^ be the casp From their it) vestigu tm it appears that

the form of equilil lu a is, in fact, r otiiwr than an oblate

ellipsoid, of a dep' o of ellipticity / nearly identical with

V, 'at 59 obsi ;d, and which woul ' be no do' * aoci ately so,

did \\ ^ know, with precision, the intern tit and

materiab of the earth.

(230.) The cop'hmation thus imM<lentally fnrriishc ;, of the

hypothc is of the rth's rotaf" tn uu its ftji., cannot fail to

strike the reader. A deviation of its figure from that of a

sphe.-e was not contemplated ai ng the original reasons for

adopting that h; nothesis, which was assumed solely on ac-

count of the easy xplanation it offers of the apparent diurnal

motaon of the he. . ens. Yet we see that, once admitted,

• wton^ Prlncipia, iii. IVop. 19*
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it draws with it, as a necessary consequence, this other re-

niarkiiblo phenomenon, of which no other satisfactory account

could bo rendered. Indeed, so direct is their connection, that

the cUipticity of the earth's figure was discovered and demon-
strated by Newton to bo a consequence of its rotation, and its

amount actually calculated by him, long before any measure-

ment had suggested such a conclusion. As wo advance with

our subject, wo shall find f' ; eap- simple principle branch-

ing out into a whole train of siiigul • and important con-

sequences, some obvious enough, otheid which at first seem
entirely unconnected with it, and which, until traced by
Newton up to this their origin, had ranked among the most
inscrutable arcana of aatronomy, as well as among its grandest

phenomena.

(231.) Of its more obvious consequences, wo may here

mention one which falls naturally within our present sub
jcct. If the earth really revolve on its axis, this rotation

must generate a centrifugal force (sec art. 225.), the effect of

which must of course bo to counteract a certain portion of

the weight of every body situated at th equator, as compared
with its weight at the poles, or in any intermediate latitudes.

Now, this is fully confirmed by experionce. There is ac-

tually observed to exist a difference in the graviti/, or down-
ward tendency, of one and the same body, when conveyed

successively to stations in different latitudes. Experiments
made with the greatest care, and in every accessible part of

the globe, have fully demonstrated the fact of a regular and
progressive increase In the weights of bodies corresponding to

the increase of latitude, and fixed its amount and the law of
its progression. From these it appears, that the extreme
amount of this variation of gravity, or the difference between
the equatorial and polar weights of one anil the same mass of
matter, is 1 part in 194 of its whole weight, the rate of in-

crease in travelling from the equator to the pole bebg as the

square of the oate of the latitude.

(232.) The r ill here naturally inquire, what is meant
by ppeaking of U;c .ame body as having different weights at

different stations ; and, how such a fact, if true, can bo as-

L



146 OUTLINES OP ASrUONOMY.

ccrtaincd. When wo weigh a bcxly by a kvlancc or a Btccl^

yard wo a<. but counteract Us wci-ht by the cciud wc.Kht ot

another body under the very sau.e circunmtanccs ;
and .t both

the body weighed and its counteriH^iHC be removed to another

station, their gravity, if changed at all. wdl bo changed

equally, 80 that they will still continue to counterbalance

each other. A difFercnco in the intcnHity of gravity could,

therefore, never be detected by these nieana ;
nor ib it in thi,

Bcnse that wo assprt that a body weighing 194 pounds at the

equator will weigh 195 at the pole. If counterbalanced in a

Bcalo or steelyard at the former station, an additional pound

phu-ed in one or other scale at the latter would inevitably

eink the beam.
_

(233.) The meaning of the proposition may bo thus ex-

plained: - Conceive a weight x suspended at the wiuutor by

a string without weight passing over a

pulley. A, and conducted (supposing

such a thing possible) over other pul-

leys, such as B, round the earth's con-

vexity, till tho other end hung down

at tho pole, and there sustained the

weight y. If, then, the weights x and

y were such as, at any one station,

equatorial or polar, would exactly counterpoise each other on

a balance, or when suspended side by side over a single

pulley, thov would not counterbaknce each other in this

supposed situation, but the polar weight y would prepon-

derate ; and to restore the equipoise the weight .r must be

increased by ^U^h. part of its quantity.

(234.) The means by which this variation of gravity may

be shown to exist, and its amount measured, are twofold (like

all estimations of mechanical power), statical and dynamical.

Tho former consists in putting the gravity of a weight in

equiUbrium, hot with that of another weight, but with a

natural power of a different kind not liable to be affected by

local situation. Such a power is the elastic force of a spring.

Let A B C bo a strong support of brass standing on the foot

A E D cast in one piece with it, into which is let a smooth
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plate of agate, D, which can be adjusted to pc .Vt h»>rizon-
tality by a level. At C let a spiral cpring C 'x: attached,
which carries at its lower end a weight F,
polished and convex below. The length
and strength of the spring must bo so
adjusted that the weight F shall bo sus-
tained by it just to swing clear of contact
with the agate jjlato in the highest lati-

tude at which it is intended to uso the
instrument. Then, if small weights bo
added cautiously, it may bo made to de-
scend till it just (/razes the agate, a con-
tact which can bo made with the utmost
imaginable delicacy. Let these weights
bo noted; the weight F detached; the
spring G carefully lifted off its hook, and
secured, for travelling, from rust, strain, or disturbance, and
the whole apparatus conveyed to a station in a lower latitude.
It will then be found, on remounting it, that, although loaded
with the same additional weights us before, the weight F will no
longer have power enough to stretch tho spring to the extent
required for producing a similar contact. More weights will
requh-eto be added; and the additional quantity necessary
will, it is evident, measure the difference of gravity between
the two stations, as exerted on the whole quantity of pendent
matter, ue. the sum of tho weight of F and //a//' that of the
spiral spring itself. Granting that a spiral spring can be con-
structed of such strength and dimensions that a weight of
10,000 grains, including its own, shall produce an elongation
of 10 inches without permanently straining it*, one additional
grain will produce a further extension of y^^j^th of an inch,
a quantity which cannot possibly be mistaken in such a con-
tact as that in question. Thus we should be provided with

Whtther the process above described could ever be so fur perfected and re-
fined as to become a substitute for the use of tho pendulum must depend on tho
degree of permanence and uniformity of action of springs, on the constancy or va-
riability of the effect of temperature on their elastic force, on the possibility of trans-
porting them, absolutely unaltered, from place to place, «ic. Tlie great advaiitagcs,
however, which such an apparatus and mode of observation would possess, in point
of convenience, cheapness, portability, and expedition, over the present laborious,
tedious, and expensive process, render the attempt well worth making.

t 2

!
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the means of measuring the power of gravity at any station

to within j^hisv^^^ o^ ^^^ whole quantity.
, . , , „

(235.) The other, or dynamical process, by which the torce

urging any given weight to the earth may ^e determmed,

consists in ascertaining the velocity imparted by it to the

wei-ht when suffered to fall freely in a given time, as one

Beco°nd. This velocity cannot, indeed, be directly measured

;

but indirectly, the principles of mechanics furnish ar easy

and certain means of deducing it, and, consequently, the m-

tensicy of gravity, by observing the oscillations of a pendulum.

It is proved from mechanical prmciples*, that, if one and the

same pendulum be made to oscillate at different stations, or

under the influence of different forces, and the numbers of oscil-

lationsmade in the same time in each case be counted, the inten-

sities of the forces will be to each other as the squares ot the

numbersof osciUationsmade, and thu:, their proportion becomes

known For instance, it is foivad that, under the equator, a

pendulum of a certainform and length makes 86,400 vibrationb

in a mean solar day ; and that, when transported to London,

the same pendulum makes 86,535 vibrations in the same time.

Hence we conclude, ihat the intensity of the force urging the

pendulum downwards at the equator is to that at London as

(86,400)^ to (86,535)^or as 1 to 1-003} 5; or, m other

words, that a mass of matter weighing in London 100,000

pounds, exerts the same pressure on the ground, or the same

effort to crush a body placed below it, that 100,315 of the

same pounds transported to the equator would exert there.

(236.) Experiments of this kind have been made, as above

stated, with the utmost care and minutest precaution to en-

sure cxaxjtness in all accessible latitudes ; and their general

and final result has been, to give ^^ for the fraction express-

ing the difference of gravity at the equator and poles. Now,

it wUl not fall to be noticed ' / the reader, and will; proba.

bly, occur to lum as an objection against the explanation here

given of the fact by the earth's rotation, that this differs

materially from the fraction j^, ex -ressing the centrifugal

force at the equator. The difference by which the former

fraction exceeds the lailer is y^^, a small quantity m itself,

• Newton's rrincipb, ii. Prop. 21. Cor. 3.
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but still far too large, compared with the others in question,
not to be distinctly accounted for, and not to prove fatal to
this explanation if it will not render v. strict account of it.

(237.) The mode in which this difference arises affords a
curious and instructive example of the indirect influence
which mechanical causes often exercise, and of which astro-
nomy furnishes innumerable instances. The rotation of the
earth gives rise to the centrifugal force ; the centrifugal force
produces an ellipticity in the form of the earth itself; and
this very ellipticity of form modifies its power of attraction
on bodies placed at its surliice, and thus gives rise to the dif-

ference in question. Here, then, we havo the same cause
exercising at once a direct and an indirect influence. The
ainount of the former is easily calculated, that of the latter
with far more difficulty, by an intricate and profound appli-
cation of geometry, whose step? we cannot, pretend to trace
in a work like the present, and can only state its nature and
result.

(238.) The weight of a body (considered a mdiminishcd
by a centrifugal force) is the eftect of the earth s attraction on
it. This attraction, as Newton has demonstrated, consists,

not in a tendency of all matter to any one particular centre, X'

but in a disposition of every partich of matter in the univerbo
''

to press towards, and if not opposed to approach to, every
other. The attraction of the earth, then, on a body placed
on its surface, is not a simple but a complex force, resulting'

from the separate attractions of all its parts. Now, it is ,

'

evident, that if the eart'i were a perfect sphere, the attraction
exerted by it on a body any where placed on its surface,

whether at its equator or pole, must be exactly aUke,— for

the simple reason of the exact symmetry of the sphere in
every direction. It is not less evident tliac, the earth being
elliptical, and this symmetry or similitude of all it.^ parts not
existing, the same result cannot be expected. A body placed
at the equator, and a similar one at the poic of a flattened
ellipsoid, stand in a different geometrical relation to the mass
as a whole. This difference, without entering further into
particulars, may be expected to draw with it a difference in

L 3

\
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Its forces of attraction on tliu two bodies. Calculation con-

firms this idea. It is a question of purely mathematical m-

vcstigation, and has been treated with perfect clearness and

precision by Newton, Maclaurin, Clairaut, and many_ other

eminent geometers; and the result of their investigations is

to show that, owing to the elliptic form of the earth alone,

and independent of the centrifugal force, its attraction ought

to increase the weight of a body in going from the equator to

the pole by almost exactly j^-.ih part; which, together with

j^th due to the. centrifugal force, make up the whole

quantity, ^h^^, observed.
, , , ,

, • .

(239 ) Another great geographical phenomenon, which

0WC3 its existence to the earth's rotation, is that of the trade-

winds These mighty currents in our atmosphere, on which

so important a part of navigation depends, arise from, 1st,

the unequal exposure of the earth's surfoc. to the suns rays,

by which it is unequally heated in different latitudes; and,

2dly, from that general law in the constitution of all fluids, in

virtue of which they occupy a larger bulk, and become spe-

cifically lighter when hot than when cold. These causes,

combined with the earth's rotation from west to east, afford an

easy and satisfactory explanation of tl>e magnificent pbeno-

mena in question. „ , . i. in
(240 ) It is a matter of observed fact, of which we shall

give the explanation farther on, that the sun is constantly

vertical over some one or other part of the earth between

two parallels of latitude, called the tropics, respectively 23^

north, and as much south of the equator ;
and that the whole

of that zone or belt of the earth's surface included between

the tropics, and equally divided by the equator, is, in con-

sequence of the great altitude attained by the sun m its

diurnal course, maintained at a much higher temperature than

those regions to the north and south which he nearer the

poles.* Now, the heat thus acquired by the earths surface

(Soo Dnvo. JMoteorol. Untorsnchungon, v -:".

)
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is communicated to the incumbent air, which is thereby
expanded, and rendered specifically lighter than the air in-
cumbent on the rest of the globe. It is therefore, in obedience
to the general laws of liydrostatics, displaced and buoyed up
from the surface, and its place occupied by colder, and there-
fore heavier air, which glides in, on both sides, along the
surflvce, from the regions beyond the tropics; while the' dis-
placed air, thus raised above its due level, and unsustained by
any lateral pressure, flows over, as it were, and forms an upper
current in the contrary direction, or towards the poles; which,
being cooled in its course, and also sucked down to supply the
deficiency in the extra-tropical regions, keeps up thus a
continual circulation. That this is a real cause (vera causa)
is placed in complete evidence by the general fact that the
atmospheric pressure at the surface of the sea diminishes
regularly from either tropic to the equator, whore the baro-
meter stands habitually about 0'».2 lower than in the tem-
perate zones.

(241.) Since the earth revolves about an axis passing
through the poles, the equatorial portion of its surface has
the greatest velocity of rotation, and all other parts less in
the proportion of the radii of the circles of latitude to wiiich
they correspond. But as the air, when relatively and ap>
parently at rest on any part of the earth's surface, is only so
because in reality it participates in the motion of rotation
proper to that part. It follows that when a mass of air near
the poles is transferred to the region near the equator by any
impulse urging it directly towards that circle, in every point
of its progress towards its new situation it must be found
deficient in rotatory velocity, and therefore unable to keep
up with the speed of the new surface over which it is brought.
Hence, the currents of air which set in towards the equator
from the north and south must, as they glide along the sur-
face, at the same time lag, or hang back, and drar/ upon it in
the direction opposite to the earth's rotation, i. e. from east to
west. Thus these cunents, which but for the rotation would
be simply northerly and southerly winds, acqiiire, from this
cause, a relative direction towards the west, and assume the

t4
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dmracter of permanent north-easterly and south-easterly

(242.) "Were any considerable mass of air to be suddenly

transferred from beyond the tropics to the equator, the dif-

ference of the rotatory velocities proper to the two situations

would be so great as to produce not merely a wind, but a

tempest of the most destructive violence. But this is not

the case : the advance of the air from the north and south is

gradual, and all the while the earth is continually acting on,

and by the friction of its surface accelerating its rotatory

velocity. Supposing its progress towards the equator to cease

at any point, this cause would almost immediately commu-

nicate to it the deficient motion of rotation, after which it

would revolve quietly with the earth, and be at relative rest.

We have only to call to mind the comparative thinness of tho

coating which the atmosphere forms around the globe (art.

35 ) and the immense mass of the latter, compared with the

fonner (which it exceeds at least 1,200,000 times), to ap-

pretiate fully tho influence of any extensive territory of the

earth over the atmosphere immediately incumbent on it, in

destroying any impulse once given to it, and which is not

continually renewed.
_

(243.) It follows from this, then, that as the winds on

both sides approach the equator, their easterly tendency must

diminish.* The lengths of the diurnal circles increase very

slowly in the immediate vicinity of the equator, and for

several degrees on either side of it hardly change at all.

Thus the friction of the surface has more tin-e to act In ac-

celerating the velocity of the air, bringing it towards a state

of relaUve rest, and diminishing thereby the relative set of

the currents from east to west, which, on the other hand, is

feebly, and, at length, not at all, reinforced by the cause which

originally produced it. Arrived, then, at the equator, the

trades must be expected to lose their easterly character alto-

gether. But not only this, but the northern and southern

• Sfce t:aptain Hall's « Fragments of Voyafres and Travels," 2nd sf'e', vol. i.,

p. 162., where this is very distinctly, and, so far as I am aware, for the first

time, reasoned out.
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currents here meeting and opposing, will mutually destroy

each other, leaving orly such preponde rancy as may be due
to a difference of local causes acting in the two hemispheres

—which in some regions around the equator may lie one
way, in some another.

(244.) The result, then, must be the production of two
great tropical belts, in the northern of which a constant

north-eastei-ly, and in the southern a south-easterly, wind
must prevail, while the winds in the equatorial belt, which
separates the two former, should be comparatively calm and
free from any steady prevalence of easterly cliaracter. All

these consequences are agreeable to observed fact, and the

system of aerial currents above described constitutes in

reality what is understood by the regular trade windK

(245.) The constant friction thus produced between the

earth and atmosphere in the regions near the equator must
(it may be objected) by degrees reduce and at length destroy

the rotation of the whole maps. The laws of dynamics, how-
ever, render such a consequence, generally, impossible ; and
it is easy to see, in the present case, where and how the com-
pcnsat* 'U takes place. The heated equatorial air, while it

rises and flows over towards the poles, carries with it tlie

rotatory velocity due to its equatorial situation into a higher

latitude, where the earth's surface has less motion. Hence,
as it travels northward or southward, it will (ja'' continually

more and more on the surface of the earth in its diurnal

motion, and assume constantly more and more a westerly

relative dirtection; and when at length it returns to the

surface, in its circulation, which it uiust do more or less In

all the interval between the tropics and the poles, it will act

on it by its friction as a powerful south-west wind in the

northern hemisphere, and a north-west in the southern, and

restore to it the impulse taken up from it at the equator.

We have here the origin of the south-west and westerly

gales so prevalent in our latitudes, and of the almost uni-

versal westerly winds in the North Atlantic, which are, in

fact, nothing else than a part of the general system of the

rc-action of the trades, and of the process by which the equili-

brium of the earth's motion is maintained under ilieir action.
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(245 a.) if in any region of the earth's surface, where the

latitude is considerable, and where, in consequence the cir-

cumferences of the diurnal circles described by points on tlio

same meridian a few degrees asunder differ considerably, an

impulse (from whatever cause arising) from the pole towards

the equator be comnmnicatcd to a portion of the atmosphere

covering several square degrees ',
an observer situated on the

equatorial limit of the area so disturbed will, in the first in-

stant of the disturbance, experience a wind blowing directly

from the pole, i. e., a north wind in the northern hemisphere

and a south in the soutliern. To fix our ideas, suppose him

situate in north latitude and beyond the tropic. The air

which reaches him in the first instant, arising from a place

iu his immediate vicinity, has the same diurnil rotatory

velocity with himself, and will therefore have no relative

movement westward. But the southward movement of the

whole mas 5 of air continuing, the wind which subsequently

reaches his station arriving from latitudes continually more

and more north, and therefore setting out with a rotatory

velocity continually more and more inferior to that of the

observer, will lag more and more behind the easterly motion

of the earth's surface at his static n, and will therefore become,

relatively to him, more and more of an east wind. In other

words, a wind commencing to blow from tlie north v U not

continue long to do so, but will " draw towards the 1 1.
^"

veering gradually round to N.N.E. and N.E. ; vice versu u

the impulse of the mass of air be from south to north. The

first impression on the observer will be that of a south wind,

which in the progress of time will veer round through S.S.W.

to S.W., and so mutatis mutandis in the other hemisphere

;

and thus arises a general tendency of the wind in extra-tropi-

cal latitudes to veer in a fixed direction, or " to follow the

sun," which meteorological observation very decisively con-

firms as a matter of fact, and is therefore pro tanto a proof of

the reality of the assigned cause.*

(245 h.) It is, however, in these tremendous visitations

See Article Meteorology, Encyc. Brit § 70.
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called " hurricanes," which sweep across land and sea with a
devastating power exceeded only by the earthquake, that wo
find the most striking verification of the principle above
Btivtcd. Suppose that in any locality in the northern hemi-
sphere some considerable portion of the surface, whether of
sea or land, should become so much more heated by the sun's
rays than that surrounding it, as to determine an upward
movement in the air above it in the nature of an ascending
column, thereby giving rise to a diminished barometric pres-
sure, and as a necessary consequence to an indraught of air
from all quarters towards the heated area. Those portions
which arrive from the east and west, participating in the
entire diurnal movement corresponding to the latitude, Avill

simply meet and be hurried upwards, without any tendency
to gyrate round a center. But the portions which arrive
from the northward will all reach the heated region or its

immediate confines with a modified power. Those which
come from the north-easterly quadrant will have their wes-
terly force increased, and those from the north-west quadrant,
their easterly-force diminished, so that in arriving from the
northward, the general current setting to the heated region
will have assumed a tendency from east to west, and in arriv-
ing from the southward from west to east, and these portions
being drawn up together into the ascending column, will
necessarily assume a rotation round ita general axis in the
direction N.W.S.E.*, whereas, were the earth at rest, the air

coming in from all quarters with equal force, each particle
wou!J make direct for t'le center, and simply be thrown up
vertically without any gyration.

(246 f.) The rotation thus given to the ascending column
in the northern hemisphere is in a direction contrary to that
of the hands of a watch face upwaids, which we may term
retrograde. And by a similar reasoning, in the southern it

will be seen that a contrary, or direct rotation ought to arise
from the operation of the same causes. It is, moreover,
obvious, that the energy of the vortex so produced must be,
ceteris paribus, proportional to that of its efficient causes. la

* See Encyclop. Brit., Mttcorology,^ 73, for the complete reasoning out of this
process. "
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high latitudes there is a deficiency of solar heat to produce a

powerful ascensional current. On and about the equator, on

the other hand, though heat be abundant, the other efficient

cause, viz. a considerable ditfcrcnce of diurnal rotatory velo-

city, is absent. Such movements, therefore, cannot exist on

the equator, and their intensity will chiefly be confined to

rcrions in moderate latitudes.

(245 rf.) Now every one of these particulars is in exact

conformity with the history of those hurricanes, or cyclones,

as they have been called, from their revolving character,

which infest the Atlantic along the west coasts of the United

States and the West Indies, the Indian Ocean, and (under

the name of typhoons) the China seas. Their extent and

violence are frightful ; their rotation in the same hemisphere

is invariably the same, and in each, that which theory in-

dicates ; and they arc utterly wanting on the equator. Tliis

grand result, the establishment of which we owe to the

labours of Mr. Redfield, Colonel Reid, and Mr. Piddington,

forms a capital feature in the array of evidence by which

the rotation of the earth, as a physical fact, is demonstrated.

(245 e.) Another class of phasaomena, inexplicable except

on the hypothesis of the earth's rotation on its axis, but

flowing easily and naturally from the admission of that

principle, has, within a few years from the present time,

been brought under our inspection by M. Foucault. If a

heavy mass of metal (a globe of lead, for example) be sus-

pended by a long wire from a solid and perfectly fixed sup-

port, over the center of a plane table of a circular form,

and, being drawn aside from the perpendicular (suppose

in the direction of the meridian), be then allowed to os-

cillatj, taking extreme care to avoid giving it any lateral

motion (which may be accomplished by drawing it aside by

a fine thread, and, when quite at rest, burning off the

thread), it will of course commence its oscillations in the

plane of the meridian. But when watched attentively,

marking on the table the points of its circumference, from

time to time, opposite to its points of extreme excursion,

it will in a few minutes be seen to have (apparently) shifted
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its plane of motion ; the northern extremity of its excursions

to and fro having invariably gone round in azimuth towards

the east, and the southern towards the west (^supposing the

experiment made in the northern hemisjdicre— vice versd in

the southerri). Although in a few oscillations the deviation

is too small to be readily perceived, it at length becomes

apparent that the path traced on the table by the projection

of the center of the globe, instead of being a rigorous straight

line, as it must be according to the laws of dynamics, were

the table at rest, is, in reality, a looped curve of the form

here shown {^g. a.) (the intervals of the loops being much

exaggerated) ; all of them passing through the center of the

table.

(245/.) It is evident that such a motion is quite different

from that Avhich a small lateral motion accidentally com-

municated to the pendulous body would produce. The

effect of such an impulse would be to make the central

mass describe a series of elongated ovals, a kind of elliptic

spiral, the convolutions of which would pass, not through,

but round the center, as here represented {Jig. b.); and that

indifferently in one direction or the other, according to the

pmmmm^
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accident of the lateral impulse. On the otlicr h\< \, tlio

observed effect ia precisely sucli na would take pi; o, »up-

Fig. b.

posing the plni.c i ^cO' n to remain invariable, and the

tabic to revolve ben. if it in its own plan a contrary

direction (from north west), with an angu otion duly

adjusted. Sup[i<' "'>i5 tie oscillating ball to a trace on

tho table so turning, i at trace would evidently be such a

one as described in the preceding article ; and if we admit

the rotation of the earth, it is a fact that the table, though

unperceived by us, does so turn. It is not transferred by

the earth's rotation bodily to the eastward by a parallel

mpvement of all its parts. The southern extremity of its

meridional diameter S is carried in a given time (suppose one

minute) more to the eastward than the northern; so that

it has virtually rotated in its own plane through an angle

corresponding to the difference of these two movements of

transference.

(245 ff.) This difference is a maximum at the pole (where

it is obvious that the table turns entirely in its own plane, as

the earth's surface there does) ; and it is nil at the equator,

where, i i consequence, the experiment would be made in

vain (the entire rotation of the table there being in a plane

perpendicular to its own); and generally the effoftt will be
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n'or .ly developed in high than in low latitudes. To
show

> clearly, suppose P the north pole, C the center
Of the \ CPQ its axis pro-
longed,

. B two successive posi-
tions of the table at an interval of
one minute of time, during which
the meridian AP has rotated
through an angle of 0° 15' round
P to the position BP. The plane
oi th'^ table, being a tangent to the
eartl -tn-face, will, if i)roduccd
''

' be at A or B), meet the
' Jic vertex of a cone hav-

s base the diurnal circle of
ace of observation. During

small interval in question, the
ponion AQB of this conical surface may be regarded as
plane, and the motion of the tabic will be the same as if it^rmed a part of that plane, and revolved round a pivot at
Q. he meridional diameter aa being transferred into the
position 6*, making with aa an angle equal to AQB. Now
this angle at the equator is nil, the summit of the cone hem.
there infinitely remote

; whereas, on the pole it is identical
with the spherical angle APB, the table there rotating about
its own center.

^
(245 /i.) The gyroscope is an instrument devised by M.
oucault to exhibit the same sort of effect in another man-

ner. It depends on the very obvious principle that a body
revolving round one of its axes of permanent rotation,
and free from any disturbing attachment to surrounding
objects, will preserve its plane ofrotation unaltered. Imagine
a metallic disc, thin in the center but very thick at the cir-
cumference 80 as to present in section the figure A B, to be
fixed on an axis C D, perpendicular to its plane which turns
in pivot-holes C D, on opposite ends of the diameter of a
ring ofmetal, which is itself provided with exterior pivots on
the extremities of a diameter at right angles to the former.
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and let those rest in pivot holes E F, at the lower ends of a

semicircular metallic arc E G F, supported from its middle

G by a torsionless suspension, such as may be formed by

attaching a thread to a hook at the lower end of a steel arm,

terminating in an inverted conical point resting in a polished

agate cup as at H. The whole of this apparatus is to bS

executed with extreme delicacy, and with every precaution

to secure perfect equilibrium and freedom from friction in

the pivots. Suppose now that by some sufficient mechanical

means an exceedingly rapid rotation is communicated to the

disc which is then abandoned to itself. It is evident then,

Ist, that it may be set in rotation originally in any given plane,

&nd 2ndly, that however that initial plane be situated, it will

thenceforward continue to rotate in that plane, since the

mode of suspension is such as to exercise no control over it,

in that respect. If the disc be heavy, the initial rotar?:'!
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very rapid (and especially if suspended in vacuo) the motion

will be kept up for a considerable time •— quite long enough

to exhibit the phaenomcna due to the earth's rotation. •

(245 i.) There being no action exerted by cither the pivots

or the suspension which can affect the plane of rotation, this

•will necessarily continue tinchanged, so that the axis C D
about which it spins will remain parallel to itself, however

the point of suspension may be varied in place by bodily

transfer of the whole apparatus, or in relative position by

change in the absolute direction of gravity consequent on

the earth's diurnal rotation. Suppose then the axis C D to

point at any instant to a given fixed star, then if the earth

were at rest and the diurnal movement of the starry heavens

real, it could not continue so to point, since the star would

move away out of its line, of direction, and would appear to

leave it behind. The contrary however is the case. The
axis of the disc continues to pomt to the star so long as the

disc itself continues to revolve, and, could its rotation be kept

up for twenty-four hours, would doubtless continue to follow

it through its whole diurnal circle both above and below the

horizon, affording thus a clear ocular demonstration of the

earth's rotation, since if a line, of whose fixity of direction

we are a priori sure, appear to vary in position with respect

to the visible horizon and surrounding objects it cannot be

but that that horizon and those terrestrial points of reference

have, themselves, shifted in position by a corresponding oppo-

site movement.

(245/) If the conditions of suspension be such as to limit

the axis of rotation of the disc to a plane holding a deter-

minate position with respect to the horizon, as, for instance,

that of the horizon itself, or of the meridian of the place, its

movements are in conformity with what the principle of dy-

namics indicate as the result of a composition of the free

rotation of the disc and that of the earth so partially com-
municated to it. We shall not however pursue the subject

into these details. The student will find them lucidly ex-

plained by Professor Powell, in the monthly notices of the

M
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Astronomical Society for April, 1855. The mechanical fact

on which the whole theory turns (the powerful resistance

opposed by a rapidly revolving heavy body to a change of

position in its axis of rotation) may be brought under the

evidence of the senses by the following simple and elegant

experiment. Let any one detach an 18-inch terrestrial

globe from its wooden frame, and, holding it by the brass

meridian with the plane of that circle horizontal, let a rapid

rotation be given to the globe by an assistant. So long as

no attempt is made to alter the position of the axis, the only

sensation experienced by the holder will be the effort of sus-

taining the weight of the globe, just as if it were at rest.

But so soon as he attempts to shift the direction of the axis,

Avhether in a horizontal, a vertical, or any other plane, he

w ill at once become aware of a resistance in the revolving

globe to such a change, quite different from the simple in-

ertia of a globe at rest— a kind of internal struggle— an

effort to twist the globe in his hands, as if some animal were

inclosed within its hollow, or as if it were no longer equally

balanced on its center. If he endeavour to roll the globe on

its brass meridian in a right line along the floor (which with

a non-rotating globe would be easy) he will find it impracti-

cable without perpetually and forcibly interfering, not merely

to keep the meridian upright but to prevent its running out

of the right line. Suppose, for instance, the brass meridian

to be vertical and its plane coincident with that of the true

meridian, the axis horizontal, and the globe to rotate in the

direction in which the heavens appear to revolve, z. cfrom the

east upwards ; to the west downwards, and let him attempt to

roll it (lightly held by the finger and thumb by the highest

point of the circle) in a northerly direction. He will find it

run round to the eastward, causing the plane of the brass

meridian to shift in azimuth in a direction similar to that

of the hands of a watch, and vice versa if he try to make it

roll southwards. That end of the axis which rises appears

to be swept along loith the revolving motion of the globe as

seen from above.

iiSn-"-''^-"^'""'''"^''''*''*™''
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(246.) In order to construct a map or model of the earth,

and obtain a knowledge of the distribution of sea and land

over its surface, the forms of the outlines of its continents

and islands, the courses of its rivers and mountain chains,

and the relative situations, with respect to each other, of

those points which cliiefly interest us, as centres of human
habitation, or from other causes, it is necessary to possess the

means of determining correctly the situation of any proposed

station on its surliice. For this two elements require to be

known, the latitude and longitude, the former assigning its

distance from the poles or the equator, the latter, the me-

ridian on which that distance is to be reckoned. To these,

in strictness, should be added, its height above the sea level

;

but the consideration of this had better be deferred, to avoid

complicating the subject.

(247.) The latitude of a station on a sphere would be

merely the length of an -arc of the meridian. Intercepted

between the station and the nearest point of the equator,

reduced into degrcxb, (See art. 88.) But as the .earth ia

elliptic, this mode of conceiving latitudes becomes inapplicable,

and we are compelled to resort for our definition of latitude

to a generalization of that proper! 7 (art. 119.), which affords

i\. readiest means of determining it by observation, and

which has the advantage of being independent of the figure

of the earth, which, after all, is not exactly an ellipsoid, or

any known geometrical solid. The latitude of a station, then,

is the altitude of the elevated pole, and is, therefore, astro-

nomically determined by those methods already explained for

ascertaining that important element. In consequence, it will

be remembered that, to make a perfectly correct map of the

whole, or any part of the earth's surface, equal differences of

latitude are not represented by exactly equal intervals of

surface.

(248.) Tor the purposes of geodesical* measurements and

trigonometrical surveys, an exceedingly correct determination

of the latitudes of the most important stations is required.

* Til, tile earth ; iwis (firom ttu, to t>ind), n joining or connexion (of parts).

M 2
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For this purpose, therefore, the zenith sector (an instrument

capable of great precision) is most commonly used to observe

stars passing the meridian near the zenith, whose dechnations

have become known by previous long series of observations at

fixed observatories, and which are therefore called standard or

fundamental stars. Keccntly a method* has been employed

with great success, which consists in the use of an instrument

similar in every respect to the transit instrument, but having

the plane of motion of the telescope not coincident with the

meridian, but with the prime vertical, so that its axis of

rotation prolonged passes through the north and south pomts

of the horizon. Let ABC D be the celestial hemisphere

projected on the horizon, P the pole, Z the zenith, A B the

meridian, CD the prime vertical, QR S part of the diuvnal

circle of a star passing near the zenith, whose polar distance

P R is but Uttle greater than the co-latitude of the place, or

the arc P Z, between the zenith and pole (art. 112.). Then

the moments of this star's arrival on the prime vertical at Q
and S wUl, if the instrument be correctly adjusted, be those

of its crossing the middle wire in the field of view of the

• Devised originally by Romer.

Nadir. No. 40.

Revived or re-invented by Bessel.— Astr,

%i*b^
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telescope (art. 160.). Consequently the interval between

these moments will be the time of the Rtar passing from Q
to S, or the measure of the diurnal arc Q R S, which corre-

sponds to the angle Q P S at the pole. This angle, there-

foi'c, becomes known bi/ the mere observation of an interval of

time, in which it is not even necessary to know the error of

the clock, and in which, when the star passes near the zenith,

BO that the interval in question is small, even the rate of the

clock, or its gain or loss on true sidereal time, may be

neglected. Now the angle Q P S, or its half Q P R, and

P Q the polar distance of the star, being known, P Z the

zenith distance of the pole can be calculated by the resolution

of the right-angled spherical triangle P Z Q, and thus the

co-latitude (and of course the latitude) of the place of obser-

vation becomes known. The advantages gained by this mode

of observation are, 1st, that no readings of a divided arc are

needed, so that errors of graduation and reading are avoided

:

2dly, that the arc Q R S is vp"y much greater than its versed

sine R Z, so that the difference R Z between the latitude of

the place and the declination of the star is given by the

observation of a magnitude very much greater than itself, or

is, as it were, observed on a greatly enlarged scale. In con-

sequence, a very minute error "is entailed oa R Z by the

commission of even a considerable one in Q R S : 3dly, that

in this mode of observation all the merely instrumental errors

which affect the ordinary use of the trausit instrument are

either uninfluential or eliminated by simply reversing the

axis.

(249.) To determine the latitude of a station, then, is easy.

It is otherwise with its longitude, whose exact determination

is a matter of more difficulty. The reason is this :— as there

are no meridians marked upon the earth, any more than

parallels of latitude, we are obliged in this case, as in the

case of the latitude, to resort to marks external to the earth,

i. e. to the heavenly bodies, for the objects of our measure-

ment; but with this difference in the two cases— to observers

situated at stations on the same meridian (?". e. differing ir

latitude) the heavens present different aspects at all monieati,

M 3
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The portions of them which become visible in a complete

diurnal rotation are not the same, and stara Avliich are common

to both describe circles differently inclined to their horizons,

and differently divided by them, and attain different altitudes.

On the other hand, to observers situated on the same parallel

(i. e. differing only in longitude) the heavens present the same

aspects. Their visible portions arc the same ; and the same

stars describe circles equally inclined, and similarly divided

by their horizons, and attain the same altitudes. In the

former case there is, in the latter there is not, any thing in

the appearance of the heavens, watched through a whole

diurnal rotation, which indicates a difference of locality in the

observer.
,

(250.) But no two observers, at different pomts ot the

earth's surface, can have aithe same instant the same celestial

hemisphere visible. Suppose, to fix our ideas, an observer

stationed at a given point of the equator, and that at the

moment when he noticed soaie bright star to be in his zenith,

and therefore on his meridian, he should be suddenly trans-

iwrted, in an instant of time, round one quarter of the globe

in a westerly direction, it is evident that he will no longer

have the same star vertically above him : it will now appear

to him to be just rising, and he will have to wait six hours

before it again comes to his zenith, i. e. before the earth's

rotation from west to east carries him back again to the line

joining the star and the earth's centre from which he set out.

(251.) The difference of the cases, then, may be thus

stated, so as to afford a key to the astronomical solution of

the problem of the longitude. In the case of stations differing

only in latitude, the same star comes to the meridian at the

same time, but at different altitudes. In that of stations

differing only in longitude, it comes to the meridian at the

same altitude, but at different thnes. Supposing, then, that

an observer is in possession of any means by which he can

certainly ascertain the time of a known star's transit across

his meridian, he knows his longitude ; or if he know& the

difference between its time of transit across his meridian and

across that of any other station, he knows their difference of
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longitudes. For instance, if the same star pass the meridian

of a jdaco A at a certain moment, and that of B exactly one

hour of sidereal time, orone twenty-fourtli part of the earth's

diurnal period, later, then the difference of longitude between

A and B is one hour of time or 15° of arc, and B is so

mucii west of A.

(252.) In order to a perfectly clear understanding of the

principle on which the problem of finding the longitude by

astronomical observations is resolved, the reader must learn

to distinguish between time, in the abstract, as common to

the whole universe, and therefore reckoned from an epoch in-

dependent of local situation, and local time, which reckons, at

each particular place, from an epoch, or initial instant, deter-

mined by local convenience. Of time reckoned in the former,

or abstract manner, we have an example in what wo have

before defined as equinoctial time, which dates from an epoch

determined by the sun's motion among the stars. Of the

latter, or local reckoning, we have instances in every sidereal

clock in an observatory, and in eveiy town clock for common
use. Every astronomer regulates, or aims at regulating, his

sidereal clock, so that it shall indicate 0'' 0™ 0', when a cer-

tain point in the heavens, called the equinox, is on the me-

ridian of his station. This is the epoch of his sidereal time

;

which is, therefore, entirely a local reckoning. It gives no

information to say that an event happened at such and such

an hour of sidereal time, unless we particularize the station to

which the sidereal tune meant appertains. Just so it is with

mean or common time. This is also a looal reckoning, having

for its epoch mean noon, or the av ',e of all the times

tliroughout the year, when the sun is on he meridian of that

particular place to which it belongs ; and, therefore, in like

manner, wheu we date any event by mean time, it is neces-

sary to name the place, or particularize what mean time wc
intend. On the other hand, a date by equinoctial time is

absolute, and requires no such explanatory addition.

(253.) The astronomer sets and regulates his sidereal clock

by observing the meridian passages of the more conspicuous

and well-known stars. Each of these holds in the heavens a
u 4
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certain dctcrmiuiito and known place with respect to that

imaginary point called the cciuinox, and by noting the tinicB

of their passage in succession by his clock ho knows when the

equinox passed. At tiiat moment his clock ought to havo

marked 0" (r 0'; and if it did not, he knows and can correct

its error, and by the agreement or disagreement of the errors

assigned by each star he can usecrtain whether his clock is

correctly regulated to go twenty-four hours in one diurnal

period, and if not, can ascertain and allow for its rate. Thus,

although his clock may not, and indeed cannot, cither be set

correctly, or go truly, yet by applying its error aixd rate (as

they are technically termed), he can correct its indications,

and ascertain the exact sidereal times corresponding to them,

and proper to his locality. This indispensable operation is

called getting his local time. For simplicity of explanation,

however, we shall suppose the clock a perfect instrument; or,

which comes to the same thing, its error and rate applied at

every moment it is consulted, and included in its indications.

(254.) Suppose, now, of two observers, at distant stations,

A and B, each, independently of the other, to set and regulate

his clock to the true sidereal time of his station. It is evident

that if one of these clocks could be taken up without derang-

ing its going, and set down by the side of the other, they

would be found, on comparison, to differ by the exact diflcr-

cnce of their local epochs ; that is, by the time occupied by

the equinox, or by any star, in passing from the meritUan of

A to that of B ; in other words, by their diiference of longi-

tude, expressed in sidereal hours, minutes, and seconds.

(255.) A pendulum clock cannot be thus taken up and

transported from place to place without derangement, but a

chronometer may. Suppose, then, the observer at B to uio

a chronometer instead of a clock, he may, by bodily transfer

of the instrument to the other station, procure a direct com-

parison of sidereal times, and thus obtain his longitude from

A. And even if he employ a clock, yet by comparing it first

with a good chronometer, and then transferring the latter

insti-ument for comparison with the other clock, the same

end will be accomplished, provided the going of the chro-

nometer can be depended on.
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(256.) Were chronometers perfect, nothing more complete

and convenient than this mode of ascertaining differences of

longitude could bo desired. An observer, provided with such

an instrument, and with a portable transit, or some equivalent

method of determining the local time at any given station,

might, by journeying from place to place, and observing the

meridian passages of stars at each, (taking care not to alter

his chronometer, or let it run down,) ascertain their dif-

ferences of longitude with any required precision. In this

case, the same time-keeper being used at every station, if, at

one of them, A, it mark true sidereal time, at any other, JJ,

it will be just so much sidereal time in error as the difference

of longitudes of A and B is equivalent to : in other words,

the longitude of B from A will appear as the error of the

time-keeper on the local time of B. If he travel westward,

then his chronometer will appear continually to gain, although

it really goes correctly. Suppose, for instance, he set out

from A, when the equinox was on the meridian, or his chro-

nometer at 0^ and in twenty-four hours (sid. time) had

travelled 15" westward to B. At the moment of arrival there,

his chronometer will again point to 0" ; but the equinox will

be, not on his new meridian, but on that of A, and he must

wait one hour more for its arrival at that of B. When it

does arrive there, then his watch will point not to O'' but to

l^ and will therefore be 1** fast on the local time of B. If

he travel eastward, the reverse will happen.

(257.) Suppose an observer now to /^et out from any

station as above described, and constantly travelling westward

to make the tour of the globe, and return to the point he set

out from. A singular consequence will happen: he will

have lost a day in his reckoning of time. He will enter the

day is arrival in his diary, as Monday, for instance, when,

in fact, it is Tuesday. The reason is obvious. Days and

nights are caused by the alternate appearance of the sun and

stars, as the rotation of the earth carries the spectator round

to view them in succession. So many turns as he makes ab-

solutely round the centre, so often will he pass through tlic

earth's shadow, and emerge into light, and so many nights

ii\.

^^^^mam m
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nnd tliiya will ho experience. But if he travel once round the

globe in the direction of its motion, ho will, on hia urrivul,

hftvo really made one turn more round its centie; nnd ii in the

oi.posite direction, one turn less than if he had rouiained upon

one point of its surface: in tlie former ease, then, lie wdl have

witnessed one alternation of day and night n .re, in the latter

one less, than if ho had trusted to the rotation of the earth

alone to carry him round. As the earth revolves IVom west to

cast, it follows that a westward direction of his journey, by

which he counteracts its rotation, will ea' •• him to lose a day,

and an eastward direction, by which he consinrca with it, to

gain one. In the former case, all his days will be longer
;
in

the latter, shorter than those of a stationary observer. This

contingency has actually happened to circumnavigators.

Hence, also, it must necessarily happen that distant settle-

ments, on the same meridian, will differ a day in their usual

reckoning of time, according as they have been colonized by

settlers arriving in an eastward or in a westward direction,

— a circumstance which may produce strange confusion when

they come to communicate with each other. The oidy modn

of correcting the ambiguity, and settling the disputes which

such a difference may give rise to, consists in haying recourse

to the equinoctial date, which can never be ambiguous.

(258.) Unfortunately for geography nnd navigation, the

chronometer, though greatly and indeed wonderfully im-

proved by the skill of modern artists, is yet far too imperfect

an instrument to be relied on implicitly. However such an ui-

strumcni may preserve its uniformity of rate for a few hours,

or even days, yet in long absences from home the chances of

error and accident become so multiplied, as to destroy all

security of reliance on even the best. To a certain extent

this may, indeed, be remedied by carrying out several, anduslng

them as checks on each other ; but, besides the expense and

trouble, this is only a palliation of the evil— the great and

fundamental,— as it is the only one to which the determina-

tion of longitudes hy time-keepers is liable. It becomes ne-

cessary, therefore, to resort to other means of communicating

from one station to another a knowledge of its local time, or
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of propagating from some principal station, as a centre, its

local time as a universal standard with which tho local time

at any other, however situated, may be at once compared,

and thus tho longitudes of all places be referred to tho me-

ridian of such central point.

(259.) Tho simplest and most accurate method by which

this object can be accomplished, when circumstances admit of

its adoption, is that by telegraphic signal. Let A and 15 bo

two observatories, or other stations, provided with accurate

means of determining their respective local times, and let m
first suppose them visible um each other. Their clocks

being regulated, and their errors and mtes ascertained and

applied, let a signal be made at A, of some sudden and de-

finite kind, such as tho flash of gunpowder, tho explosion of a

rocket, the sudden extinction of a bright light, or any other

which admits of no mistake, and can be seen at great dis-

tances. The moment of the signal being made must be noted

by each observer at his respective clock or watch, ' if it were

the transit of a star, or any astronomical phenomenon, and tho

error and rate of the clock at each station being applied, tlio

local time of the signal at each is determined. Consequently,

when the observers communicate their observations of tho

signal to each other, since (owing to the ahnost instantanemiH

transmission of light) it must have been seen at the same

absolute instant by both, tho difterencc of their local times,

and therefore of their longitudes, becomes known. For

example, at A the signal is observed to happen at 5" 0-" 0'

sid. time at A, as obtiiued by applying tho error and rate to

the time shown by the clock at A, when tho signal was sccji

there. At B the same ignal was seen at 5" 4'° 0', sid. time

nt B, similarly deduced from the time noted by the clock at

B, by applying its error and rate. Consequently, the diflfer-

enco of their local epochs is 4"^ 0», which is also their differ-

once of longitudes in time, or 1° 0' 0" in hour angle.

(260) The accuracy of the final determination may bo

increased by making and observing several signals at stai '.

intervals, each of which aftbrds a comparison of times, anu

the mean of all which is, of course, more to be depended
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on than the result of any single comparison. By 'his means,

the error introduced by the comparison of clocks may be

regaracd as altogether destroyed.

(261.) The distances at which signals can be rendered

visible must of course depend on the nature of the intcrpoocd

country. Over sea the explosion of rockets may easily bo

seen at fifty or sixty miles ; and in mountainous countries the

flash of gunpowder in an open spoon may be seen, if a proper

station be chosen for its exhibition, at much greater distances.

(262.) When the direct light of the flash can no longer be

perceived, either owing to the convexity of the interposed

segment of the earth, or to intervening obstacles, the sudden

illumination cast on the under surface of the clouds by the

explosion of considerable quantities of powder may often be

observed with success; and in this way signals have been

made at very much greater distances. Whatever means can

be devised of exciting in two distant observers the same sen-

sation, whether of sound, light, or visible motion, at precisely

the same instant of time, may be employed as a longitude

signal. Wherever, for instance, an unbroken line of electro-

telegraphic connection has been, or hereafter may be, estab-

lished, the means exist of making as complete a comparison

of clocks or watches as if they stood side by side, so that no

method more complete for the determination of differences of

longitude can be desired. Thus, tlie difference of longitude

between the observatories of Greenwich and Paris was ascer-

tained in 1854. The extreme deviation of the most discor-

dant result from the mean of 29 single determinations (0 li.

9 m. 20-64 sec), amounted barely to a quarter of a second.

(26.3.) Where no such electric communication byMbi,

however, the interval between observing stations may be

increased by causing the signals to be maxle not at one

of them, but at an intermediate point ; for, provided they are

seen by both parties, it is a matter of indifterence where they

are exhibited. Still the interval which could be thus em-

braced would be very limited^ and the method in consequence

of little use, but for the following ingenious contrivance, by

which it can be extended to any distance, and carried over

any tract of countiy, however diflScult.
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(264.) This contrivance consists in establishing, between

the extreme stations, whose difference of longitude is to be as-

certained, and at which the local times are observed, a chain of

Intermediate stations, alternately destined for signals and for

observers. Thus, let A and Z be the extreme stations. At B
let a signal station be established, at which rockets, &c. are

fired at stated intervals. At C let an observer be placed,

provided with a chronometer ; at D, another signal station

;

at E, another observer and chronometer; till the whole

line is occupied by stations so arranged, that the signal at

B can be seen from A and C ; those at D, from C and E

;

and so on. Matters being thus arranged, and the errors and

rates of the clocks at A and Z ascertained by astronomical

observation, let a signal be made at B, and observed at A and

C, and the es noted. Thus the difference between A's

clock and C's chronometer becomes known. After a short

interval (five minutes for instance) let a signal be made at D,

and observed by C and E. Then will the difference between

their respective chronometers be determined ; and the differ-

ence between the former and the clock at A being already

ascertained, the difference between the clock A and chrono-

meter E Is therefore known. This, however, supposes that

the intermediate chronometer C has kept true sidereal tm.e,

or at leaat a known rate, in the interval between the signals.

a

I

r^

^
Now this interval is purposely made so very short, that no

instrument of any pretensions to character can possibly

produce an appretlable amount of error in its lapse by

deviations from its usual rate. Thus the time propagated

from A to C may be considered as handed over, i/Ithout

<j-aln or loss (save from error of observation), to E. Simi-

larly, by the signal made at F, and observed at E and Z,

the time so transmitted to E is forwarded on to Z ; and thus

at length the clocks at A and Z are compared. The procesa
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may be repeated as often as is necessary to destroy error by a

mean of results; and when the line of stations is numerous,

by keeping up a succession of signals, so as to allow each ob-

server to note alternately those on either side, which is easily

pre-arranged, many comparisons may be kept running along

the line at once, by which time is saved, and other advantages

obtained.* In important cases the process ia usually re-

peated on several nights in succession.

(265.) In place of artificial signals, natural ones,when they

occur sufficiently definite for observation, may be equally cm-

ployed. In a clear night the number of those singular me-

teors, called shooting stars, which may be observed, is often

very great, especially on the 9th and 10th of August, and

some other days, as November 12 and 13 ; and as they are

sudden in then- appearance and disappearance, and from the

great height at which they have been ascertained to take

place are visible over extensive regions of the earth's surface,

there is no doubt that they may be resorted to with advan-

tjyre, by previous concert and agreement between distant

Jbservers to watch and note them.t Those sudden disturb-

ances of the magnetic needle, to which the name of magnetic

shocks has been given, h?ve been satisfaotorUy ascertained to

be, very often at least, simultaneous over whole continents,

and in some, perhaps, over the whole globe. These, if ob-

served at magnetic observatories with precise attention to

astronomical time, may become the means of determining

their differences of longitude with more precision, possibly,

than by any other method, if a sufficient number of remark-

able shocks be observed to ascertain their identity, about

which the intervals of time between their occurrence (exactly

alike at both stations) will leave no doubt.

• For a complete account of this method, and the mode of deducing the most

advantasreous result from a combination of all the observations, see a paper on

Se differen"e of longitudes of Greenwich a.,d Paris, Pb.l. Trans. 1826; by the

''T ThifiE::!r«r"; suggested by the late Dr. M.-.kelyne, to whom, how-

ever, the practieallv useful fact of their periodic recurrence was unknown Mr.

Cooper his thus employed the meteors of the lOth and 12th Angus
,
1847, to

dZmine the dilTerlnce of longitudes of Markree and Mount Eagle, m Ireland

Those of the same epoch have also been used m Germany for ascertaining the

longitudes of several stations, and with very satisfactory results.
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(266.) Another species of natural signal, visible at once

over a whole terrestrial hemisphere, is afforded by tlie eclipses

of Jupiter's satellites, of which we shall speak more at large

when we come to treat of those bodies. Every such eclipse

is an event which possesses one great advantage in its appli-

cability to the pur})03c in question, viz. that the time of its

happening, at any fixed station, such as Greenwich, can be

predicted from a long course of previous recorded observation

and calculation thereon founded, and that this prediction is

sufficiently precise and certain, to stand in the place of a cor-

responding observation. So that an observer at any other

station wherever, who shall have observed one or more of

these eclipses, and ascertained his local time, instead of wait-

ing for a communication with Greenwich, to inform him at

what moment the eclipse took place there, may use the pre-

dicted Greenwich time instead, and thence, at once, and on

the spot, determine his longitude. This mode of ascertain-

ing longitudes is, however, as will hereafter appear, not sus-

ceptible of great exactness, and should only be resorted to

when others cannot be had. The nature of the observation

also is such that it cannot be made at sea*; so that, however

useful to the geographer, it is of no advantage to navigation.

(267.) But such phenomena as these are of only occasional

occurrence ; and in their intervals, and when cut off from all

communication with any fixed station, it is indispensable to

possess some means of determining longitudes, on which not

only the geographer may rely for a knowledge of the exact

I)osition of important stations on land in remote regions, but

on which the navigator can securely stake, at every instant of

his adventurous course, the lives of himself and comrades, the

interests of his country, and the fortunes of his employers.

Such a method is afforded by Lunar Observations. Though

• To accomplish this is still a deiiideratum. Oliserving chairs, suspended

with studious precaution for ensuring freedom of motion, have been resorted to,

•mder the vain hope of mitigating the effect of the ship's oscillation. The
opposite course seems more promising, viz. to merely deaden the motion by a

somewhat stiff" suspension (as by a coarse and rough cable), and by friction

strings attached to weights running through loops (not pulleys) fixed in the

wood-work of the vessel. At least, such means have been found by the author

of singular cfflcaoy in increasing personal comfort in the suspension of a cot.
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wej'ive not yet introduced tlic reader to the phenomena of

the :.oon'9 motion, this ^viU not prevent us from giving here

the exposition of the principle of the hinar method
;
on the

contrary, it will he highly advantageous to do so, since by

this course we shall have to deal with the naked principle,

apart from all the peculiar sources of difficulty with which the

lunar theory is encumbered, but which are, m fact, completely

extraneous to the principle of its application to the problem

of the longitudes, which is quite elementary.

(268 ) If there were in the heavens a clock furnished with

sx dial-plate and hands, which always marked Greenwich time,

the lon.ntude of any station would be at once determined, so

Boon as°the local time was known, by comparing it with this

clock. Now, the offices of the dial-plate and hands ot a

clock are these: -the former carries a set of marks upon it,

whose position is known; the latter, by passing over and

amono- these marks, informs us, by the place it holds with

respect to them, what it is o'clock, or what time has elapsed

since a certain moment when it stood at one particular spot.

(269 ) In a clock the marks on the dial-plate are uniformly

distributed aU around the circumference of a circle, whose

centre is that on which the hands revolve with a uniform

motion But it is clear that we should, with equal certainty,

though with much more trouble, tell what o'clock it were, if

the marks on the dial-plate were unequally distributed,— if

the hands were excentric, and their motion not uniform,—

provided we knew, 1st, the exact intervals round the circle at

which the hour and minute marks were placed ;
which would

be the case if we had them all registered in a table, from the

results of previous careful measurement :
— 2dly, if we knew

the exact amount and direction of excentricity of the centre

of motion of the hands;— and, 3dly, if we were fully ac-

quainted with all the mechanism which put the hands in

motion, so as to be able to say at every instant what were

their velocity of movement, and so as to be able to calculate,

without fear of error, how much time should correspond to

BO MUCH angular movement.

(210.) The visible surface of the starry heavens is the
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vrry heavens is the

dial-plate of our clock, the stars are the fixed marks distributed

around its circuit, the moon is the moveable Land, which,

with a motion that, superficially considered, seems uniform,

but which, when carefully examined, is found to be far other-

wise, and which, regulated by mechanical laws of astonishing

complexity and intricacy in result, though beautifully simple

in principle and design, performs a monthly circuit among

them, passing visibly over and hiding, or, as it is called, oc-

culting some, and gliding beside and between others; and

whose position among them can, at any moment when it ia

visible, be exactly measured by the help of a sextant, just as

we might measure the place of our clock-hand among the

marks on its dial-plate with a pair of compasses, and thence,

from the known and calculated laws of Its motion, deduce the

time. That the moon does so move among the stars, while the

latter hold constantly, with respect to each other, the same

relative position, the notice of a few nights, or even hours,

will satisfy the commencing student, and this is all that at

present we require.

(271.) There is only one circumstance w^anting to make

our analogy complete. Suppose the hands of our clock, in-

stead of moving quite close to the dial-plate, were considerably

elevated above, or distant in front of it. Unless, then, in

viewing it, we kept our eye just in the line of their centre,

we should not see them exactly thrown or projected upon their

proper places on the dial. And if we were either unaware

of this cause of optical change of place, this parallax— or

negligent in not taking it into account—we might make

great mistakes in reading the time, by referring the hand to

the wrong mark, or incorrectly appreciating its distance from

the right. On the other hand, if we took care to note, in

every case when we had occasion to observe the time, the

exact position of the eye, there would be no diflSculty in

ascertaining and allowing for the precise influence of this

cause of apparent displacement. Now, this is just what

obtains with the apparent motion of the moon among the

stars. The former (as will appear) is comparatively near to

the earth— the latter immensely distant ; and in consequence
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Of our not occupying the centre of the ea^•th,

^J^^^^^
about on its surface, and constantly changing pl-^^^' >«^^

Irises a parallax, which displaces the moon apparently among

Istars' ana .;st be allowed for before we can tell the true

place she would occupy if Been from the centre.

^(272 ) Such a clock as we have described m.ght, no doubt,

be c nsidercd a very bad one; but if it -e
-J ^t;-:

and if incalculable interests were at stake on a perfect know

edge of time, we should justly regard it as -s P^-^;

and think no pains ill bestowed in studymg the laws of ts

Ivements, orl facilitating the means of readin, M correctly.

Sucirn the parallel we are drawing, is the lunar theory

;ro object is'to reduce to regularity, the indications of tins

Ttrr^ely irregular-going clock, to enable us to predict, long

bSand, a' 1 witl absolute certainty, .kereabouts among

the stars, at every hour, minute, and second, m every day of

fvcry ye^r, in Greenwich local time, the moon .ould be seen

from the earth's centre, and ..7/ be seen from every acce..iH^

pott of its surf^vce; and such is the lunar .netkod o long

-

Les. The moon's apparent angular distance from all tho.e

princ pal and conspicuous stars which lie in Us course, as seen

C the earth's ce'ntre, are computed and tabu ated with he

utTost care and precision in almanacks publisned under
utmost c 1

^^ observer, m any part

^fTetl a 'sea or! land, measure its actual distance

?rol any one of those standard stars (whose p aces m the

Wens have been ascertained for the purpose with he most

anxlou solicitude), than he has, in fact, performed that coin-

parison of his local time with the local times of every ob-

servatory in the world, which enables him to ascertam his

difference of longitude from one or all of them.

(273.) The latitudes andlongitudesof
any number of points

on the eirth's surface may be ascertained by the methods above

described; and by thus laying down a sufficient number of

pr n £l points, and filling in the intermediate spaces by local

rrveys. Light maps of countries be constructed In prac-

tice' however, it is found simpler and easier to divide each

particular nation into a series of great triangles, the angles of
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riangles, the angles of

which are stations conspicuously visible from each other. Of
these triangles, the angles only arc measured by means of the

theodolite, with the exception of one side only of one triangle,

which is called a base, and which is measured with every

refinement which ingenuity can devise or expense command.
This base is of moderate extent, rarely surpassing six or seven

miles, and purposely selected in a perfectly horizontal jjlane,

otherwise conveniently adapted to the purposes of measure-

ment. Its length between its two extreme points (which are

dots on plates of gold or platina let into massive blocks of

stone, and which are, or at least ought to be, in all cases

preserved with almost religious cai'C, as monumental records

of the highest importance), is then measured, with every pre-

caution to ensure precision *, and its position with respect to

the meridian, as well as the geographical positions of its

extremities, carefully ascertained.

(274.) The annexed figure represents such a chain of

triangles. A B is the base, O, C, stations visible from both

its extremities (one of which, O, we will suppose to be a

national observatory, with which it is a principal object that

the base should be as closely and immediately connected as

possible) ; and D, E, F, G, H, K, other stations, remarkable

points in the country, by whose connection its whole surface

may be covered, as it were, with a network of triangles.

Now, it is evident that the angles of the triangle A, B, C
being observed, and one of its sides, A B, measured, the

other two sides, A C, B C, may be calculated by the rules of

trigonometry; and thus each of the sides A C and B C

* The greatest possible error in the Irish base of between seven and eight

miles, near Londonderry, is supposed not to exceed two inches,

N if!
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becomes in Its turn a base capable of being employed as

known Bidc3 of other triangles. For instance, the angles of

the triangles A C G and B C F being known by observation,

and their sides A C and B C, we can thence calculate the

lengths A G, C G, and B F, C F. Again, C G and CI

bein.v known, and the included angle G C F, G F may bo

calculated, and so on. Thus may all the stations be accu-

i-ately determined and laid down, and as this process may be

carried on to any extent, a map of the whole country may

be thus constructed, and fiUed in to any degree of detail wo

please. .

(275.) Now, on this process there arc two important

remarks to be made. The first is, that it is necessary to be

careful in the selection of stations, so as to form triangles

free from any very great inequality in their angles. For in-

stance, the triangle K B F would be a very improper one to

determine the situation of F from observations at B and K,

because the angle F being very acute, a small error in the

angle K would produce a great one in the place of F upon

the line D F. Such ill-conditioned triangles, therefore, must

be avoided. But if this be attended to, the accuracy of the

determination of the calculated sides wiU not be much short

of that which would be obtained by actual measurement

(were it practicable) ; and, therefore, as we recede from the

base on ail sides as a centre, it will speedily become practi-

cable to use as bases, the sides of much larger triangles, such

as G F, G H, H K, &c. ; by which means the next step of

the operation will come to be carried on on a much larger

scale, and embrace ftir greater intervals, than it would have

been' safe to do (for the above reason) in the immediate neigh-

bourhood of the base. Thus it becomes easy to divide the

whole face of a country into great triangles of from 30 to 100

miles in their sides (according to the nature of the ground),

which, being once well determined, may be afterwards, by a

second serie" of subordinate operations, broken up into smaller

ones, and these again into others of a stiU minuter order, till

the final filling in is brought within the limits of personal

survey and draftsmanship, and till a map is constructed, with

any required degree of detail.

v^JbMIMMM
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(276.) The next remark we have to ma'ie is, that all tho

triangles in question are not, rigorously speaking, plane, but

spherical— existing on tlie surface of a sphere, or rather, to

epeak correctly, of an ellipsoid. In very small triangles, of

six or seven miles in the side, this may be neglected, as the

difference is imperceptible ; but in the larger ones it must bo

taken into consideration. It is evident that, aa every object

used for pointing the telescope of a theodolite has some cer-

tain elevation, not only above the soil, but above the level of

the sea, and as, moreover, these elevations differ in every in-

stance, a reduction to the horizon of all the measured angles

would appear to be required. But, in fact, by the construc-

tion of the theodolite (art. 192.), which is nothing more than

an altitude and azimuth instrument,

this reduction is made in the very

act of reading off the horizontal

angles. Let E be the centre of the

earth; A, B, C, the places on its

spherical surface, to which three sta-

tions, A, P, Q, in a country are re-

ferred by radii E A, E B P, E C Q.

If a theodolite be stationed at A, the

axis of its horizontal circle will

point to E when truly adjusted,

and its plane will be a tangent to the

sphere at A, intersecting the radii EBP, E C Q, at M and

N, above the spherical surface. The telescope of the theodo-

lite, it is true, is pointed in succession to P, and Q ; but the

readings off of its azimuth circle give— not the angle PA Q
between the directions of the telescope, or between the ob-

jects P, Q, as seen from A ; but the azimuthal angle MAN,
which is the measure of the angle A of the spherical triangle

B A C Hence arises this remarkable circumstance, — that

the sum of the three observed angles of any of the great tri-

angles in geodesical operations is always found to be rather

more than 180°. Were the earth's surface a plane, it ought

to be exactly 180° ; and this excess, which is called the sphe-

rical excess, is so far from being a proof of incorrectness in

the work, that it is essential to its accuracy, and offers at tho

same time another palpable proof of the earth's sphericity.

K .3
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(277.) The true way, then, of conceiving the Buhjoct of a

trigonometrical survey, when the spherical form of the earth

\e taken into consideration, is to regard tlie network of tri-

un<rles with which tlie country is covered, as the hascs of an

ass^cmhlago of pyramids converging to the centre of the earth.

The theodolite gives ns the true vimmres of the anyks in-

eluded hy the planes of these pyramids ; and the surface of an

inuicrinary sphere (m t))0 level of the sea intersects them man

assemblage of spherical triangles, above whose angles, in the

radii prolonged, the real stations of observation are raised, by

the superficial inequalities of mountain and valley. The

operose calculations of spherical trigonometry which this con-

sideration would seem to render necessary for the reductions

of a survey, are dispensed with in practice by a very simple

and easy rule, called the rule for the spherical excess, which

is to be found in most works on trigonometry. If we would

take into account the cllipticity of the earth, it may also be

done by appropriate processes of calculation, which, however,

are too abstruse to dwell upon in a work like the present.

(278.) Whatever process of calculation we adopt, the re-

sult will be a reduction to the level of the sea, of all the

triangles, and the consequent determination of the geogra-

phical latitude and longitude of every station observed. Thus

we arc at length enabled to construct maps of countries
;
to

lay down the outlines of continents and islands ;
the courses

of rivers; the places of cities, towns and villages; the direc-

tion of mountain ridges, and the places of their principal

summits ; and all those details which, as they belong to phy-

sical and statistical, rather than to astronomical geography,

we need not here dilate on. A few words, however, will be

necessary respecting maps, which arc used Jis well in astro-

nomy as in geography.

(279.) A map is nothing more than a representation, upon a

plane, of some portion of the surface of a sphere, on which are

traced the particulars intended to be expressed, whether they

be continuous outlines or points. Now, as a spherical surface •

• We here neglect the cllipticity of the earth, which, for such a purpose as

map-making, is too trifling to have any material influence.
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Clin by no contrivance bo extended or projected into a

])lnne, without undue enlargement or contraction of some

jmrts in i)rop()rtion to others ; and as the system adopted in

BO extending or projecting it will decide what parts shall bo

enlarged or relatively contracted, and in what proijortions

;

it follows, that when large portions of the sphere are to ho

mapped down, a great dilference in their re[)reaentation8 may

subsist, according to the system of [jrojection adopted.

(280.) The projections chiefly used in maps, arc the ortho-

graphic, stereographir, and Mercator's, In the orthographic

j>r()jection, every point of the hemi-

sphere is referred to its diametral

plane or base, by a perpendicular let

fall on it, so that the representation

of the hemisphere thus mapped on

its base, is such as would actually

appear to an eye placed at an infinito

distance from it. It is obvious, from the annexed figure,

that in this projection only the central portions arc repre-

sented of their true forms, while all the exterior is more

and more distorted and crowded together as we approach' the

edges of the map. Owing to this cause, the orthographic

projection, though very good for small portions of the globe,

is of little service for large ones.

(281.) The stcrcographic

projection is in great mca

sure free from this defect.

To understand this projec-

tion, we must conceive an

eye to be placed at E, one

extremity of a diameter,

E C B, of the sphere, and

to view the concave surface

of the sphere, every point

of which, as P, is referred to

the diametral plane A D F,

perpendicular to E B by the visual line P M E. The
Btercographic projection of a sphere, then, is a true perspec-

ir 4

/'•



jg4 OUTUNE8 OF ASTUONOMY.

tiv^ representation of Uh concavity on a .liamctral plane
;
nn.l.

M auch. it poH«c.«C8 sonic mngularly elegant g.M.n.etneal pro-

pertki, -f whicli we shall state one or two of the pnne.pal.

r282.) And first, then, all circles on the sphere arc re-

presented by circles in the projection. Thus the c.rcle X .s

L^ectcd into X. Only great circles p,H8,ng through o

vcr, X B arc projected into straight lines traversing the

centre C : thus, B T A is projected into C A.

2ndly Every very sn.ull triangle, G II K, on the sphere,,

represented by a sunilnr triangle,^ A A. n. the F"J««^'«»- /. '^

is a very valuable property, as it insures a genera s.m.larty

of app'vranee in the map to the reality in all Us .mall r

part , and enables us to project at least a hennsv^ere m

asin^le map, without any violent distortion of the configirra-

tions on thc'surface from their real forms.
_

As in the or ho-

graphic projection, the borders of the hemisphere are unduly

Lldul together; in the stereograpluc, their projected di-

mensions .re, on the contrary, somewhat enlarged m receding

from the centre. - ,

(283.) Both these projections may be considered natural

ones, inasmuch as they are really perspective representations

orthe surface on a plane. Mercator's is entirely an art.hc.al

one, representing the sphere as it cannot be seen from any

one point, but as it might be seen by an eye carried succc -

Bively over every part of it. In it. the degrees of hnffUude,

and those of latitude, bcur always to each other thc.r due

proportion: the eq«' ^
1 c.n. ved to be . x.ended out mto

a sTraight line, and the meridians are straight hues at right

ang^'to it, as in the figure. Altogether, the general cha-
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PR0JECTI0N8 or TIIK HI'IIEnE. IfiS

motor of maps on this projection is not very disHimilar x<\

what would be pruii h fd by rcfcrilng every point in the gluba

to a circuni8(_ i-ibing cyliudi r, by lines drawn from the centra,

and iIh n unrollin// the cyliiulir into a plane. Like the

Ktorcograj,hic projection, if gives a tnic representation, as to

form, of every |)articulur small \)\\rt, but varies greatly in

l)oint of scale in its different regions; the polar portions in

particular being extravagantly enlarged ; and the whole map,

even of a single hemisphere, not being comprizable within

any finite limits.

(283 a.) A very convenient projection, at once simple in

principle, and remarkable for the facility with which places

on the earth's surface may be laid down from a knowledge of

their latitudes and longitudes, or stars from that of their

right ascensions and polar distances ; or read off from the

chart when projected, is one in which (the radius of a circle

being divided into ninety equal parts, r ^presenting degrees

of polar distance,) parallels of latitude or of declination are

expressed by concentric circles, describe . through each of

the points of division, and circles of loivj, udc or of declina-

tion are represented by the radii. In a T)lani8phere con-

structed on this principle, the proportioi ^ of the spaces

occupied on the chart by equal areas diifcrci tly situated, are

better ])reserved than in any of those alread\ described, and

with an amount of distortion of shape, on the whole, as

little offensive as the nature of a planisphere chart allows.

This projection (as does also one recently proposed by

Colonel James, which takes in two-thirds o the sphere)

admits of being extended considerably beyond hemisphere,

without producing a very intolerable distortion.

(283 ft.) The following projection, in whicl equal areas

on the projection correspond precisely to equal : eas on the

spherical surface projected, is also occasionally imployed.*

Take out, upon any scale, from a table of naturn sines, the

sines of 30', 1°, 1° 30', ... up to 45°, and from ny center

• See " Results of Astronomical Observations at the Cape ol ood Hope,"

by the Author, Plate XI., where this projection is used to cxhii • the law of

distribution of the Nebulue.

~1M
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with these as radii describe circles. These will represent

the projections of small circles of the sphere about a pole,

where projection is their common center, having the re-

spective polar distances 1°, 2°, 3°, ... 90 .

(284.) We shall not, of course, enter here into any geo-

graphical details ; but one result of maritime discovery on

the great scale is, so to speak, wassive enough to call for

mention as an astronomical feature. When the continents

and seas are laid down on a globe (and since the discovery of

Australia and the recent addition to our antarctic knowledge

of Victoria Land by Sir J. C. Ross, we are sure that no

very extensive tracts of land remain unknown), we find that

it is possible so to divide the globe into two hemispheres, that

one shall contain nearly all the land; the other being almost

entirely sea. It is a fact, not a little interesting to English-

men, and, combined with our insular station in that great

highway of nations, the Atlantic, not a little explanatory of

our commercial eminence, that London* occupies nearly the

center ofthe terrestrial hemisphere. Astronomically speaking,

the fact of this divisibility of the globe into an oceanic and a

terrestrial hemisphere is important, as demonstrative of a

want of absolute equality in the density of the solid material

of the two hemispheres. Considering the whole mass of land

and water as in a state of equilibrium, it is evident that the

half which protrudes must of necessity be buoyant; not, of

course, that we mean to assert it to be lighter than water,

but, as compared with the whole globe, in a less decree heavier

than that fluid. We leave to geologists to draw from these

premises their own conclusions (and we think them obvious

enough) as to the internal constitution of the globe, and the

immediate nature of the forces which sustain its continents at

their actual elevation ; but in any future investigations which

* More exactly, Falmouth. The central point of the hemisphere which

contains the maximum of land falls very nearly indeed upon this port. The

land in the opposite hemisphere, with exception of the tapering extremity of

South America and the slender peninsula of Malacca, is wholly insular, and

were it not for New Holland, would be quite insignificant in amount. This

interesting feature of geograpliy was first noticed by Colson (Phil. Tr. xxxix.

p. 210.). A pair of planispheres for the horizon of London has been published

by Hughes (London, 1839).
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may liave for their object to explain the local deviations of

the intensity of gravity, from what the hypothesis of an exact

elliptic figure would require, this, aa a general fact, ought not

to be lost sight of.

(285.) Our knowledge of the surface of our globe is in-

complete; unless it include the heights above the sea level of

every part of the land, and the depression of the bed of the

ocean below the surface over all its extent. The latter object

is attainable (with whatever difficulty and liowsoever slowly)

by direct sounding ; the former by two distinct methods : the

one consisting in trigonometrical measurement of the differ-

ences of level of idl the stations of a survey ; the other, by
the use of the barometer, the principle of which is, in fact,

identical with that of the sounding line. In both cases we
measure the distance of the point whose level we v;ould know
from the surface of an equilibrated ocean ; only in the one

ease it is an ocean of water; in the other, of air. In the

one case our sounding line is real and tangible ; in the other,

an imaginary one, measured by the length of the column of

quicksilver the superincumbent air is capable of counter-

balancing.

(286.) Suppose that instead of air, the earth and ocean

were covered with oil, and that human life (".ould subsist

under such circumstances. Let AB CD E be a continent, of

which the portion ABC projects above the water, but is

covered by the oilj which also floats at an uniform depth on

the whole ocean. Then if we would know the depth of any

point D below the sea level, we let down a plummet from F.

But, ifwe would know the height of B above the same level,

we have only to send up a float from B to the surface of the

oil ; and having done the same at C, a point at the sea level, the

difference of the ttoojloat lines gives the height in question.

\
I
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(287). Now, though the atmosphere differs from oil in not

havincr a positive surface equally definite, and in not being

capabFe of carrying up any float adequate to such an use, yet

it possesses all the properties of a fluid really essential to the

purpose in view, and this in particular,-that, over the whole

surfece of the globe, its strata of equal density supposed in a

state of equilibrium, are parallel to the surface of equilibrium,

or to what would be the surface of the sea, \'i prolonged under

the continents, and therefore each or any of them has all the

characters of a definite surface to measure from, provided it

can be ascertained and identified. Now, the height at which,

at any station B, the mercury in a barometer is supported,

informs us at once how much of the atmosphere is incumbent

on B, or, in other words, in what stratum of the general

atmosphere (indicated by its density) B is siturvted
:
whence

we are enabled finally to conclude, by mechanicai reasonmg*,

at what height above the sea-level that dejrtc of density is to

be found over the whole surface of the globe. Such is the

principle of the application of the barometer to the measure-

ment of heights. For details, the reader is referred to other

work8.t
,

(288.) We will content ourselves here with a general cau-

tion against an implicit dependence on barometric measure-

ments, except as a differential process, at stations not too

remote from each other. They rely in their application on

the assumption of a state of equilibrium in the atmospheric

strata over the whole globe— which is very far from being

their actual state (art 37.). Winds, especially steady and

general currents sweeping over extensive continents undoubt-

edly tend to produce some degree of conformity in the cur-

vature of these strata to the general form of the land-surface,

and therefore to give an undue elevation to the mercurial

column at some points. On the other hand, the existence of

localities on the earth's surface, where a permanent depres-

• Newton's Princip. ii. Prop. 22. ^ . _.

t Biot, Astronomie Physique, vol. iii. For tab es, see the
^"J^^f'"^

citl-d. Also those of Oltmann, annually published by the French board of

Sudes in their Annnaire ; and Mr. Haily's Collection of Astrononncul

Tables and Formula;. Sec also li-ncyc. Bnt., •' Meteorology, § 34.

M ijumi.-UJUlMJJIilWI
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sion of the barometer prevails to the astonishing extent of

nearly an inch, has been clearly proved by the observations of

Ermann in Siberia and of Ross in the Antarctic Seas, and is

probably a result of the same cause, and may be conceived

as complementary to an undue habitual elevation in other

regions. The mode in which both elevations and depressions

of a permanent character may be maintained in the surface

of a Huid in motion, will not be enigmatical to any one who
contemplates the ripple caused by a pebble in a brook.

(289.) Possessed of a knowledge of the heights of stations

above the sea, we may connect all stations at the same
altitude by level lines, the lowest of which will be the outline

of the sea-coast ; and the rest will mark out the successive

coast-lines which would take place were the sea to rise by
regular and equal accessions of level over the whole world,

till the highest mountains were submerged. The bottoms of

valleys and the ridge-lines of hills are determined by their

pro[)erty of intersecting all these level lines at right angles,

and being, subject to that condition, the shortest and longest,

tlnit is to say, the steepest, and the most gently sloping

courses respectively which can be pursued from the summit
to the sea. The former constitute " the water courses" of a

country ; the latter its lines of " water-shed" by which it is

divided into distinct basins of drainage. Thus originate

natural districts of the most ineffaceable character, on which

the distribution, limits, and peculiarities of human com-

nmnities are in great measure dependent. The mean height

of the continent of Europe, or that height which its surface

would have were all inequalities levelled and the mountains

spread equally over the plains, is according to Humboldt
1342 English feet; that of Asia, 2274 ; of North America,

1496 ; and of South America, 2302.*

* ITuinboldt's numbers are the halves of these, but express, not the mean
heights of the mrfaces, but the heights of the several centen of gravity of the

continental masses above the sea levei.

Mm
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CHAPTER V.

OF URANOGRAPHY.

COKSTUTICTXOK OK CET.KSTIAL MAPS AND GLOBES BT OBSKI.VATIONS

OF RIGHT ASCENSION AND DECLINATION.- CK.ESTIAL OBJECTS

DISTINGUISHED INTO FIXED AND KUKATIC.- OF -"^ ^O^;
LATIONS— NATURAL REGIONS IN THE HEAVENS.- THE MILKV

WAT -THE ZODIAC- OF THE ECLIPTIC. -CELESTIAL LATITUDES

AND LONGITUDES—PRECESSION OF THE EQUINOXEG.-NUTATION.

-ABERRATION.-REFRACT10N.-PARALLAX.-SUMMARY VIEW OF

THE URANOGRAPHICAL CORRECTIONS.

(290 ) The determination of the relative situations of objects

in the heavens, and the construction of maps and globes

which shall truly represent their mutual configurations as

well as of catai'ogues which shall preserve a more precise

numerical record of the position of each, is a task at once

simpler and less laborious than that by which the surface of

the earth is mapped and measured. Every star m the great

constellation which appears to revolve above us, constitutes,

80 to speak, a celestial station ; and among these stations wo

may, aa upon the earth, triangulate, by measuring with

proper instruments their angular distances from each other,

which, cleared of the effect of refraction, are then m a state

for layincr down on charts, as we would the towns and villages

of a country : and this without moving from our place, at

least for all the stars which rise above our horizon.

(291 ) Great exactness might, no doubt, be attamed by

this means, and excellent celestial charts constructed; but

there is a far simpler and easier, and at the same time, infa-

nitely more accurate course laid open to us if we take advan-

tage of the earth's rotation on its axis, and by observing each

cdestial object as it passes our meridian, refer it separately

and independently to the celestial equator, and thus ascertain

ItWtllllWWIUMIIIlWi*"'
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its place on the surface of an imaginary sphere, which may

be conceived to revolve with it, and on which it may be con-

sidered as projected.

(292.) The right ascension and declination of a point in

tlie heavens correspond to the longitude and latitude of a

station on the earth ; and the place of a star on a celestial

sphere Is determined, when the former elements are known,

just as that of a town on a map, by knowing the latter. The

great advantages which the method of meridian observation

possesses over that of triangulatlon from star to star, arc,

then, 1st, That in It every star Is observed in that point of

its diurnal course, when it Is best seen and least displaced

by refraction. 2dly, That the instruments required (the

transit and meridian circle) are the simplest and least liable

to error or derangement of any used by astronomers. 3dly,

That all the observations can be made systematically. In

regular succession, and with equal advantages ; there being

here no question about advantageous or disadvantageous

triangles, &c. And, lastly. That, by adopting this course,

the very quantities which we should otherwise have to calcu-

late by long and tedious operations of spherical trigonometry,

and which are essential to the formation of a catalogue, are

made the objects of immediate measurement. It is almost

needless to state, then, that this is the course adopted by

astronomers.

(293.) To determine the right ascension of a celestial ob-

ject, all that Is necessary is to observe the moment of Its

meridian passage with a transit Instrument, by a clock regu-

lated to exact sidereal time, or reduced to such by applying

its known error and rate. The rate may be obtained by

repeated observations of the same star at its successive meri-

dian passages. The error, however, requires a knowledge of

the equinox, or initial point from which all right ascensions In

the heavens reckon, as longitudes do on the earth from a first

meridian.

(294.) The nature of this point will be explained pre-

sently ; but for the purposes of uranography, in so far as

they concern only the actual configurations of the stars inter

i
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se, a knowledge of the equinox is not necessary. The choice

of the equinox, as a zero point of right ascensions, is purely

artificial, and a matter of convenience. As on the earth,

any station (as a national observatory) may be chosen for an

origin of longitudes; so in uranography, any conspicuous

star might be selected aa an initial point from which hour

angles might be reckoned, and from which, by merely ob-

serving differences or intervals of time, the situation of all

others might be deduced. In practice, these intervals are

affected by certain minute causes of inequality, which must

be allowed for, and which will be explained in their proper

places. . -

(295.) The declinations of celestial objects are obtained,

Ist, By observation of their meridian altitudes, with the

mural or meridian circle, or other proper instruments. This

requires a knowledge of the geogmphical latitude of the

station of observation, which itself is only to be obtained

by celestial observation. 2dly, And more directly, by ob-

servation of their polar distances on the mural circle, as

explained in art. 170., which is independent of any previous

determination of the latitude of the station ;
neither, how-

ever, in this case, does observation give directly and imme-

diately the exact declinations. The observations require to

be con-ected, first for refraction, and moreover for those

minute causes of inequality which have been just alluded to

in the case of right ascensions.

(296.) In this manner, then, may the places, one among

the other, of all celestial objects be ascertained, and maps

and globes constructed. Now here arises a very important

question. How far are these places permanent? Do these

stars and the greater luminaries of heaven preserve for ever

one invariable connection and relation of place inter se, as if

they formed part of a soUd though invisible firmament
;
and,

like the great natural land-marks on the earth, preserve

immutably the same distances and bearings each from the

other ? If so, the most rational idea we could form of tho

universe would be that of an earth at absolute rest in the

center, and a hoUow crystalline sphere circulating round it.

i.MU,i-illEl liWWIMWIlUIMill'i'Hm ' 1"
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and carrying sun, moon, and stars ah^ng in its diurnal motion.

If not, \v<j must dismit-s all such notions, and inquire in-

dividually into the distinct history of each object, with a view

to discovering the laws of its peculiar motions, and whether

any and what other connection subsists between them.

(297.) So far is this, however, from being the case, that

observations, even of the most cursory nature, are sufficient

to show that some, at least, of the celestial bodies, and those

the most conspicuous, are in a state of continual change of

place among the rest. In the case of the moon, indeed, the

change is so ra[)id and remarkable, that its alteration of

situation with respect to such bright stars as may happen

to be near it may be noticed any fine night in a few hours

;

and if noticed on two successive nights, cannot fail to strike

the most careless observer. With the sun, too, the chan<'e

of place among the stars is constant and rapid ; though, from

the invisibility of stars to the naked eye in the day-time, it

is not so readily recognized, and requires either the use of

telescopes and angular instruments to measure it, or a longer

continuance of observation to be struck with it. Neverthe-

less, it is only necessary to call to mind its greater meridian

altitude in summer than in winter, and the fact that the

stars which come into view at night (and which are therefore

situated in an hemisphere opposite to that occupied by the

sun, and having that luminary for its centre) vary with the

season of the year, to perceive that a great change must have

taken place in that interval in its relative situation with

respect to all the stars. Besides the sun and moon, too,

there are several other bodies, called planets, which, for the

most part, appear to the naked eye only as the largest and
most brilliant stars, and which oflPer the same phenomenon of

a constant change of place among the stars ; now approaching,

and now receding from, such of them as we may refer them to

as murks ; and, some in longer, some in shorter periods,

making, like the sun and moon, the complete tour of tho

heavens.

(298.) These, however, are exceptions to the general rule.

The innumerable multitude of the stars which arc distributed

o
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over the vault of the heavens fbnn a constoUat.on. .vlnch

preserves, not only to the eye of the casual obsci^er, but to

the nice examination of the astronou,er, a un.fonu.ty of

nsncct which, when contrasted with tl>e perpetual change .n

,e eon^urations of the sun, moon, and 1

''"f
'"7 -'

bo termed invariable. It is true,
--'^^^'''^'ifZ

refinement of exact measuren^ents prosecuted fuTh.^^e to

a.e. some small changes of apparent place attributable to

no illusion and to no terrestrial cause, have been detected u.

many of them. Such are called, in astronomy, the ;,y
nJons of the stars. But these are so excessuely slow m

their accumulated amount (even m those stars ior which

they are greatest) has been insufficient, in the whole duration

of astronomical history, to produce any obvious or material

alteration in the appearance of the starry heavens.

(299 ) This circumstance, then, establishes a broad dis-

tinction of the heavenly bodies into two great classes ; -the

fixed, among which (unless in a course of observations

coined for many years) no change of nuitual sitiption can

be detected; and the erratic, or wandel•mg-(^vhlch is

implied in the word planet*) -including the sun, moon, and

pTanets, as well as the singular class of bodies termed comet ,

t whose apparent places among the stars, and among each

other, the observation of a few days, or even hours, is

sufficient to exhibit an indisputable alteration.

rsOO^ Uranography, then, as it concerns the fixed ce-

lesSd bodies (01^ as they are usually called, the f.ed stars),

irrlduced to 1 simple marking ^.wn of their relative pkces

on a globe or on maps ; to the insertion on that globe, m is

due iLe in the great constellation of the stars, o the pole

of the heavens, or the vanishing point of parallels to the

earth's axis; and of the equator and place of the equinox,

points and circles these, which, though artificial, and having

reTrence entirely to our earth, and therefore subjec to all

changes (if any) to which the earth's axis may be liable are

yet so convenient in practice, that thoy have obtained an

• nXoi'riTijy, 9 wanderer.

jVi'.'JSfB^B^'"
"^a^afcsSRR^w^
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ndmi.sslon (with some other circles and lines), sanctioned by

u-<agc, in all globes and j)lunis[)here8. The reader, liowever,

will take care to keep thoin separate in his mind, and to

lamiliarizc himself with the idea rather of two or more

celestial globes, superposed and fitting on each other, on one

of which— a real one— are inscribed the stars; on the others

those imaginary jwints, lines, and circles, which astronomers

have devised for their own uses, and to aid their calculations;

and to accustom himself to conceive in the latter or artificial

Hpheres a capability of being shifted in any manner upon the

surface of the other; so that, should experience demonstrate

(as it docs) that these artificial points and lines are brought,

by a slow motion of the earth's axis, or by other secular

variatmis (as they are called), to coincide, at very distant

intervals of time, with different stars, he may not be un-

l)rei)ared for the chaugc, and may have no confusion to

correct in his notions.

(301.) Of course we do not here speak of those uncouth

figures and outlines of men and monsters, which are usually

scribbled over celestial globes and maps, and serve, in a rude

and barbarous way, to enable ua to talk of groups of stars, or

districts in the heavens, by names which, though absurd or

puerile in their origin, have obtained a currency from which

it would be difMcuIt to dislodge them. In so far as they

have really (as some have) any slight resemblance to the

figures called up in imagination by a view of the more

splendid " constellations," they have a certain convenience

;

but as they are otherwise entirely arbitrary, and correspond

to no natural subdivisions or groupings of the stars, astro-

nomers treat them lightly, or altogether disregard them*,

except for briefly naminff remarkable stars, as a Leonis,

/9 Scorpii, &c. &c., by letters of the Greek alphabet attached

• This disregard is neither supercilious nor causeless. The constellations

seem tc have been ahnost jiurposely nanied enil delineated to cause as iiiuuli

ciinrusiun and inconvenience as possible. Innumerable snakes twine througli

long and contorted areas of the heavens, where no memory can follow theui

:

bears, lions, and tishcs, large and small, northern and southern, confi U

nomenclature, &c. A better system of constellations might have been u k»>-

terial help as an artificial memory.

o 2
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to them. The reu.lcr will fiml then on any ce csluil churt«

«"
glohcv. ana n.ay con.purc then, with the heaven., an-l

there learn for himself their position.

(302.) There arc not wanting, however, ««^tr«/ chntr ct.

i„\he heavens, which offer great rcculianties of eharact^r

and strike every observer: such is the rmlky rcay that g.

hnninons band, which stretches, every evening, all across Ho

Bky, from horizon to horizon, and which, when traced with

diLncc, an.l mapped down, is found to form a zone com-

plctely encirel ng the whole sphere, almost m a great circle,

vhiclfis neither an hour circle, nor coincident with any other

of our astronomical fframmafa. It is divided in one part of

its course, sending off a kind of branch, which "n.tes again

^•iththe main body, after reinair.ing distinct for about 1.0

decrees, within which it suffers a., interruption in its con-

timiitv. This remarkable belt ha. maintained, from tlio

earliest ages, the s:.no relative sUuation among the stnrs;

and, when examined through powerful telescopes, is found

(wonderful to relate!) to consist entirely of stars seafred hy

millions, like glittering dust, on the black ground of the

general heavens. It will be described more particularly ui

the subsequent portion of this work.

(303.) Another .-markablc region in the heavens is the

zodiac, not from any thing peculiar iu its own constitution,

but from its being the area within which the appaient

motions of the sun, moon, and all the greater planets are con-

fined. To trace the path of any one of these, it is only

necessary to ascertain, by continued observation, its places

at successive epochs, and entering these uioon our map or

sphere in sufficient number to form a series, not too far

^sjoined, to connect them by lines from point to point, as we

mark out the course of a vessel at sea by mapping down its

place from day to day. Now when this is done, it is found,

first, that the apparent path, or track, of the sun on the sur-

face of the heavens, is no other than an exact great circle of

the sphere which Is caUed the ecliptic, and which is inclined

o the equinoctial at an angle of about 23° 28;, intersecting

It at two opposite points, called the equinoctial points, oi



OF THK Kfl-irTIC AND ZODIAC. 11n

celestial chmtii

»o hcnvcns, and

natural districts

ic9 of chftnictcr,

f
way, that f^ient

iig, nil iicrocrt tlic

^hcn traced with

onn a zone com-

in a great circle,

at with any otlicr

led in one part of

Inch unites again

ct for about 150

ntion in its con-

tained, from the

[imong the stars;

lescopcs, is found

stars scattered by

k ground of the

jre particularly in

he heavens is the

own constitution,

ich the apparent

er planets arc con-

' these, it is only

irvation, its places

upon our map or

scries, not too far

oint to point, as we

mapping down its

i8 done, it is found,

the sun on the sur-

jxact great circle of

i which is inclined

•3° 28', intersecting

uinoctial points, or

equinoxes, and which arc distinguif*h(!d from each other hy

the epithets vernal and autumnal ; the vernal being that at

whifli the sun crosses the e<iuiiioctial from soutli to north ;

the autunmal, when it quitJ the northern and enters the

Bontiicrn hemisphere. Secondly, that the moon and all tlio

planets piu'sue paths which, in like manner, encircle the whole

lieavons, but are not, like that of the sun, great circles exactly

returning into themselves and bisecting the sphere, but rather

spiral curves of much complexity, and descrilied with very

unequal velocities in their different parts. Tli(>y have all,

however, this in common, that the gciural direction of their

motions is the same with that of the sun, viz. from toest to cast,

that is to say, the contrary to that in which both they and

the stars appear to be carried by the diurnal motion of the

heavens ; and, moreover, that they never deviate far from the

ecliptic on cither side, crossing and recrossing it at regular

and equal intervals of time, and confining themselves within

a zone, or belt (the zodiac .already s])oken of), extending (with

certain exceptions among the smaller planets) not further

than 8° or 9° on cither side of the ecliptic.

(304.) It would manifestly be useless to map down on

globes or charts the aj>parcnt paths of any of those bodies

which never retrace the same course, and which, therefore,

demonstrably, must occupy at some one moment or other of

their history, every point in the area of that zone of the hea-

vens within Avhich they arc circumscribed. The apparent

complication of their movements arises (that of the moon ex-

cepted) from our viewing them from a station which is itself

in motion, and would disappear, could wc shift our point of

view and observe them from the sun. On the other hand the

apparent motion of the sun is presented to us under its least

involved form, and is studied, from the station we occupy, to

the greatest advantage. So that, independent of the impor-

tance of that luminary to us in other respects, it h by the

investigation of the laws of its motions in the first instance

that we must rise to a knowledge of those of all the other

bodies of our system.

(305.) The ecliptic, which is its apparent path among the

o s
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•tars, ii traversed by it in tlio period called the shtrrral year,

which conaiBts of 305* 0" O™ 9-0', reckoned in ineiin ^olnr

time or .IfiO'' G"" 9™ 9 0* reckoned in Hidcreal time. 'Plu; reiwoii

of this diHeicnce (luul it h thi« which constitute!! the oriyiu

of the difference between sohir iind sidereal time) is, that ua

the sun's apparent anniud motion among the stars is pcrfornied

Jn a contrary direction to the apparent (Uurnal motion (.1' both

Bun and stars, it coinca to the same thin^r „« if the diurnal

motion ot the sun were bo much slower than thaL of the stars,

or aa if the sun lagged behind them in its daily course.

"SVlien this has gone on for a whole year, the sun will huvo

fallen behind the stars by a whole circumference of the

heavens— or, in other words— in a year the sun will have

made fewer diurnal revolutions, by one, than the stars. So

that the same interval of time which is measured by 360'' Q\

&o. of sidereal time, will be called 305 days, 6 hours, &c., if

reckoned in mean solar time. Thus, then, is the proportion

between the mean solar and sidereal day established, which,

reduced into a decimal fraction, is that of 1-00273791 to 1.

The measurement of time by these different standards may

be compared to that of space by the standard feet, or ells of

two different nations ; the proportion of which, once settled

and borne in mind, can never becoinc a source of error.

(300.) The position of the ecliptic among the stars may,

for our present purpose, be regarded aa invariable. It is

true that this is not strictly the case; and on comparing

together its position at present with that which it held at the

most distant epoch at which we possess observations, we find

evidences of a small change, which theory accounts for, and

whose nature will be hereafter explained; but that change ia

so excessively slow, that for a great many successive years,

or even for whole centuries, this circle may be regarded, for

most ordinary purposes, aa holding the same position in the

sidereal heavens.

(307.) The poles of the ecliptic, like those of any other

great circle of the sphere, are opposite points on its siTfface,

equidistant from the ecliptic in every direction. They are

of course not coincident with those of the equinoctial, but

,|)l,i
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jction. They are

3 equinoctial, but

removed f • u by an aii<;uliir intorvid ('(|uid to the iniTma-

tioii of the ecliptic to tlic c(iuinootial ('i-'l" 2S'), which is called

the uhUnnity of the ecliplir. In the next figure, if 1* /) repre-

sent the north and south poles (by which when used without

quiilincation we always mean the poles of the ei/uinoctial),

null I'j A Q V the eriuinoctial, V S A W the ecliptic, and K k,

its poles— the spherical angle (^ V H is the obli([uity of the

ecliptic, and is ccpial in angidar measure to P K or S Q.
If we suppose the wun's api)arent moticm to be in the direction

V S A W, V will be the vernal and A the autumnal crjuinox.

S and W, the two points at which the ecliptic is most distant

from th'j cciuinoctial, are termed solstices, because, when
arrivcMl there, the sim ceases to recede from tlu; efjuator, and

(in that senfo, so far as its motion in declination iaeoneerned)

to stand still in the heavens. S, the point where the sun

has the greatest northern declination, is called the summer^

and W, that where it is farthest south, the winter solstice.

Those epithets obviously have their origin in the dependence

of the seasons on the sun's declination, which will be explained

in the next chapter. The circle E K P Q A p, which passes

through the poles of the ecli{>tic and equinoctial, is called the

solstitial coltire ; and a meridian drawn through the equinoxes,

P V 77 A, the equinoctial colure.

(308.) Since the ecliptic holds a determinate situation in

the starry heavens, it may be employed, like the equinoctial,

to refer the positions of the stars to, by circles drawn through

them from its poles, and therefore perpendicular to it. Such

circles are termed, in astronomy, ^

circles of latitude— the distance

of a star from the ecliptic, reck-

oned on the circle of latitude

passing through it, is called the

latitude of the stars— and the y.[.

arc of the ecliptic intercepted

between the vernal equinox and

this circle, its longitude. In the

figure, X is a star, P X R a

circle of declination drawn
o 4
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through it, by Avhich it is referred to the cqiunoctml, aiul

KXT a circle of latitude referring it to the ecliptic—
then, as VR is the right ascension, and R X the declination,

of X, so also is V T its longitude, and T X its latitude, ihc

use of the terms longitude and latitude, in this sense, seems

to have originated in considering the ecliptic as forming a

land of natural equator to the heavens, as the terrestrial

Suator does to the earth - the former holding an mvanable

position with respect to the stars, as the latter does with

respect to stations on the earth's surface. The force ot this

observation will presently become apparent.

(309.) Knowing the right ascension and declination ot an

obiect, we may find its longitude and latitude, and vice vcrsd

This is a problem of great use in physical astronomy-thc

following is its solution: -In our last figure, E K P C^, the

solstitial colure is of course 90° distant ^omj, th^ verna

equinox, which is one of its poles -so that V R (the right

ascension) being given, and also V E, the arc E R. and its

measure, the spherical angle E P R, or K P X, is known.

In the spherical triangle K P X, then, we have gwen 1st,

The side P K, which, being the distance of the poles of the

ecliptic and equinoctial, is equal to the obhquity of the

ecliptic; 2d, The side P X, the polar distance, or the com-

plement of the declination R X ; and, 3d, the included angle

KP X; and therefore, by spherical trigonometry, it is ca.sy

to find the other side K X, and the remaining angles. Now

K X is the complement of the required latitude X T, and the

auTle P KX being known, and P K V being a right angle

(because SV is 90°), the angle XKV becomes known

Now this is no other than the measure of the longitude V T

of the object. The inverse problem is resolved by the same

triangle, and by a process exactly similar.
^

^

(310.) It is often of use to know the situation ot the

ecliptic in the visible heavens at any instant; that is to say,

the points where it cuts the horizon, and the altitude of its

highest point, or, as it is sometimes called, the nonagesimal

point of the ecliptic, as well as the longitude of this point on

the ecliptic itself from the equinox. These, and aU questions

'MMnimiisamtmm
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ise, and all questions

referable to the same data and quaisita, are resolved by the

gplicrical triangle Z P E, formed by the zenith Z (considered

us the pole of the horizon), the pole of the equinoctial P, and

the pole of the ecliptic E. The

sidereal time being given, and

also the right ascension of the

pole of the ecliptic (which is

always the same, viz. 18^ 0" 0'),

the hour angle ZPE of that

point is known. Then, in this

triangle we have given P Z, the

colatitude ; P E, the polar dis-

tance of the pole of the ecliptic,

23° 28', and the angle ZPE
from which we may find, :

^ the side Z E, which is easily

seen to be equal to the altitude of the nonagesimal point

sought ; and 2dly, the angle P Z E, which is the azimuth of

the pole of the ecliptic, and which, therefore, being added

to and subtracted from 90°, gives the azimuth of the eastern

and western intersections of the ecliptic with the horizon.

Lastly, the longitude of the nonagesimal point may be had,

by calculating in the same triangle the angle P E Z, which

is its complement.

(311.) The angle of situation of a star is the angle included

between circles of latitude and of declination passing through

it. To determine it in any proposed case, we must resolve

the triangle P S E, in which are given P S, P E, and the

angle S P E, which is the difference between the star's right

ascension and 18 hours ; from which it is easy to find the

angle P S E required. This angle is of use in many in-

quiries in physical astronomy. It is called in most books

on astronomy, the angle of position, but this expression

has become otherwise anc'. more conveniently appropriated.

(See Art. 204.)

(312.) The same course of observations by which the path

of the sun among the fixed stars is traced, and the ecliptic

marked out among them, determines, of course, the place of

the equinox V (Fig. art 308.) upon the starry sphere, at
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that time— a point of great importance in practical astro-

nomy, as it is the origin or zero point of right ascension.

Now, when this process is repeated at considerably distant

intervals of time, a very remarkable phenomenon is observed;

viz. that the equinox does not preserve a constant place among

the stars, but shifts its position, travelling continually and

ret^ularly, although with extreme slowness, backwards, along

the ecliptic, in the direction V W from east to west, or the

contrary to that in which the sun appears to move in that

circle. As the ecliptic and equinoctial are not very much

inclined, this motion of the equinox from east to west along

the former, conspires (speaking generally) with the diurnal

motion, and carries it, with reference to that motion, con-

tinually in advance upon the stars : hence it has acquired the

name of the precession of the equinoxes, because the place of

the equinox among the stars, at every subsequent moment,

precedes (with reference to the diurnal motion) that which it

held the moment before. The amount of this motion by

Avhich the equinox travels backward, or retrogrades (as it is

called^ on the ecliptic, is 0° 0' 50-10" per annum, an ex-

tremely minute quantity, but which, by its continual accu-

mulation from year to year, at lust makes itself very palpable,

and that ina way highly inconvenient to practical astronomers,

by destroying, in the lapse of a moderate umber of years,

the arrangement of their catalogues of stars, and making it

necessary to reconstruct them. Since the formation of the

earliest catalogue on record, the place of the equinox has re-

trograded akeady about 30". The period in which it performs

a complete tour of the ecliptic, is 25,868 years.*

(313.) The immediate uranographical effect of the pre-

cession of the equinoxes is to produce a uniform increase of

lowjitude in all the heavenly bodies, whether fixed or erratic.

For the vernal equinox being the initial point of longitudes,

as well as of right ascension, a retreat of this point on the

ecliptic tells upon the longitudes of all alike, whether at rest

or in motion, and produces, so far as its amount extends, the

• Iiicipiunt magni proccdero menses. — Viacii, VulVo. ^
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appearance of a motion in longitude common to all, as if the

whole heavens had a slow rotation round the poles of the

ecliptic in the long period above mentioned, similar to what

they have in twenty-four hours round those of the equinoctial.

This increase of longitude, the reader will of course observe

and bear in mind, is, properly speaking, neitlicr a real nor an

apparent movement of the stars. It is a purely technical

result, arising from the gradual shifting of the zero point

from which longitudes are reckoned. Had a fixed star been

chosen as the origin of longitudes, they would have been

invariable.

(314.) To form a just idea of this curious astronomical

phenomenon, however, we must abandon, for a time, the

consideration of the ecliptic, as tending to produce confusion

in our ideas ; for this reason, that the stability of the ecliptic

itself among the stars is (as already hinted, art. 306.) only

approximate, and that in consequence its intersection witli the

equinoctial is liable to a certain amount of change, arising

from its fluctuation, which mixes itself with what is due to

the principal uranographical cause of the phenomenon. This

cause will become at once apparent, if, instead of regarding

the equinox, we fix our attention on the pole of the equinoc-

tial, or the vanishing point of the earth's axis.

(315.) The place of this point among the stars is easily

determined at any epoch, by the most direct of all astrono-

mical observations,— those with the meridian or jnural circle.

By this instrument we are enabled to ascertain at every

moment the exact distance of the polar point from any three

or more stars, and therefore to lay it down, by triangulating

from these stars, with unerring precision, on a chart or globe,

without the least reference to the position of the ecliptic, or

to any other circle not naturally connected with it. Now,
when this is done Avith proper diligence and exactness, it

results that, although for short intervals of time, such as a

few days, the place of the pole may be regarded as not sen-

sibly vai'iable, yet in reality it is in a state of constant,

although extremely slow motion ; and, what is still more re-

markable, this motion is not uniform, but compounded of

WJiiWeyBli
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one principal, uniform, or nearly uniform, part, and other

emallerand subordinate periodical fluctuations: the for.nor

eivin- rise to the phenomena o{ precession; the latter to

anoth'er distinct phenomenon called nutation. These two

phenomena, it is true, belong, theoretically speakmg, to one

Ld the same general head, and are mt.mately connected

to-cther, forming part of a great and complicated clmm ot

consequences flowing from the earth's rotation on its axis:

but it will be conducive to clearness at present to considei

them separately

(316.) It is found, then, that in virtue of the uniform part

of the motion of the pole, it describes a circle in the heavens

around the pole of the ecliptic a. a centre, keeping constantly

at the same distance of 23° 28' from it in a direction from

east to west, and with such a velocity, that the annual angle

described by it, in this Its imaginary orbit, is 50-10"; so that

the whole circle would be described by it in the above-men-

tioned period of 25,868 years. It is easy to perceive how

Buch a motion of the pole will give rise to the retrograde

motion of the equinoxes; for in the figure, art. 308, suppose

the pole P in the progress of its motion in the small arcle

POZ round K to come to O, then, as the situation ot the

equinoctial EVQ is determined by that of the pole, this, it is

evident, must cause a displacement of the eqmnoctml, which

will take a new situation, EUQ, 90° distant m every part

from the new position O of the pole. The pomt U, there-

fore, in which the displaced equinoctial will mtersect the

ecliptic, i. e. the displaced equinox, will lie on that side of V,

its original position, towards which the motion of the pole is

directed, or to the westward.
,

(317 ) The precession of the equinoxes thus conceived,

consists, then, in a real but very slow motion of the pole of

the heavens among the stars, in a «mdl circle round the pole

of the ecliptic. Now this cannot happen without producing

corresponding changes in the apparent diurril motion of the

sphere, and the aspect which the heavens must present at ^-ery

remote periods of history. The pole is nothing more than

the vanishing point of the earth's axis. As this pomt, then,

.j ii'i««liMWiia6MiiiWlBW^
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As this point, then,

hivs such a motion as we have described, it necessarily follows

that the earth's axis must have a conical motion, in virtue of

Avhich it points successively to every pnrt of the small circle

in question. We may form the best idea of such a motion

by noticing a child's peg-top, when it spina not upright, or

that amusing toy the tc-to-tum, which, when delicately ex-

ecuted, and nicely balanced, becomes an elegant philosophical

i?istrument, and exhibits, in the most beautiful manner, the

whole pheromenon. The reader will take care not to con-

f und the variation of the position of the earth's axis in space

with a mere shifting of the imaginary line about which it

revolves, in its interior. The whole earth participates in the

motion, and goes along with the axis as if it were really a

bar of iron driven through it. That such is the case is proved

by the two great facts : Ist, that the latitudes of places on

the earth, or their geographical situation with respect to the

poles, have undergone no perceptible change from the earliest

ages. 2dly, that the sea maintains its level, which could not

be the case if the motion of the axis were not accompanied

with a motion of the whole mass of the earth.*

(318.) The visible eftect of precession on the aspect of tlie

heavens consists in the apparent approach of some stars and

constellations to the pole and recess of others. The bright

star of the Lesser Bear, which we call the pole star, has not

always been, nor will always continue to be, our cynosure

:

at the time of the construction of the earliest catalogues it

was 12° from the pole — it is now only 1° 24', and will

approach yet nearer, to within half a degree, after which it

will again recede, and slowly give place to others, which will

succeed in its companionship to the pole. After a lapse of

about 1 2,000 years, the star a Lyra;, the brightest in the

northern hemisphere, will occupy the remarkable situation of

a pole star approaching within about 5° of the pole.

(319.) At the date of the erection of the Great Pyramid

of Gizeh, which precedes by 3970 years (say 4000) the pre-

• Local changes; of the sea level, arising from purely geological causes, are

easily distinguislied from that genernl and systematic alteration which a slufting

of the axis of rotation would give rise to.

- ^tf%u IfWSW'v'"'
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ecnt epoch, the longituaes of all the stars were leas by 55

45' than at present. Calculating from this datum* the place

of the pole of the heavens a-nong the stars, it will bo found

to fall near a Draconis ; its distance from that star being

3° 44' 25". This being the mosi conspicuous starf in the mi-

mediate neighbourhood was therefore the pole star at that

epoch. And the latitude of Gizeh being just m" north, and

consequently, the altitude of the north pole there also 30% it

follows that the atar iu question must have had at its lower

culmination, at Gizeh, an altitude of 26° 15' 35". Now it is a

remarkable fact, ascertained by the late researches ot Lol.

Vyse, that of the nine pyramids still existing at Gizeh, six

(including all the largest) have the narrow passages by which

alone they can be entered, (all which open out on the northern

faces of their respective pyramids) inclined to the horizon

downwards at angles as follows.

Ist, or Pyramid of Cheops

'2i\, or Pyramid of Cephrcn -

3d, or Pyramid of Myoerinus -

4th, - - - -

5th, -
-

9th, - - - •

26° 41'

25 53
26
27
27
28

12

O

Mean 26 47

Of the two pyramids at Abousseir also, which alone exist

in a state of sufficient preservation to admit of the inclina-

tions of their entrance passages being determined, one has

the angle 27° 5', the other 26°.

(320.^ At the bottom of every one of these passages there-

fore, the then pole star must have been visible at its lower

culmination, a circumstance which can hardly be supposed to

have been unintentional, and was doubtless connected (per-

haps superstitiously ) with the astronomical observation of that

star, of whose proximity to the pole at the epoch of the erec-

. On this calculation the diminution of tl;e ohliquity of the ecliptjc !"»'?«

distinct cvid-nce to show that it was formerly brighter.

':«ig*' A%y,>jau»<ailJl!tfiaMi5!^^ MMHI
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tion of these wonderful structures, we arc thus furnished with

a monumental record of the most imperishable nature.

(321.) The nutation of the earth's axis is a small and slow

subordinate gyratory movement, by which, if subsisting

alone, the pole would describe among the stars, in a period of

about nineteen years, a minute ellipsis, having its longer axis

equal to 18"'5, and its shorter to 13""74 ; the longer being

directed towards the pole of the ecliptic, and the shorter, of

course, at right angles to it. The consequence of this real

motion of the pole is an apparent approach and recess of all

the stars in the heavens to the pole in the same period.

Since, also, the place of the equinox on the eclij)tic is deter-

mined Ijy the place of the pole in the heavens, the same cause

will give rise to a small alternate advance and recess of the

equinoctial points, by which, in the same period, both

the longitudes and the right ascensions of the stars will be

also alternately increased and diminished.

(322.) Both these motions, however, although here con-

sidered separately, subsist jointly ; and since, while in virtue

of the nutation, the pole is describing its little ellipse of 18"*5

in diameter, it is carried by the greater and regularly pro-

gressive motion of precession over so much of its circle round

the pole of the ecliptic as corresponds to nineteen years, —
that is to say, over an angle of nineteen times 50"-l round

the centre (which, in a small cirele of 23° 28' in diameter,

corresponds to 6' 20", as seen from the centre of the sphere)

:

the path which it will pursue in virtue of the two motions,

subsisting jointly, will be neither an ellipse nor an exact

circle, but a gently undulated ring like that in the figure

(where, however, the undulations are much exnggcrated).

{Seofff. to art. 325.)

(323.) These movements of precession and nutation are

common to all the celestial bodies, both fixed and erratic

;

and this circumstance makes it impossible to attribute them

to any other cause than a real motion of the earth's axis

such as we have described. Did they only affect the stars,

they might, with equal plausibility, bo urged to arise from

a real rotation of the starry heavens, as a solid shell, round

',a;«!?a»i
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an axis passing through the poles of the ecliptic in 25,868

years, and a real elliptic gyration of that axis in nineteen

years : but since they also affect the sun, moon, and planets,

which, having motions independent of the general body of

the stars, cannot without extravagance be supposed attached

to the celestial concave*, this idea falls to the ground; and

there only remains, then, a real motion in the earth by which

they can be accounted for. It will be shown in a subsequent

chapter that they arc necessary consequences of the rotation

of the earth, combined with its elliptical figure, and the

unequal attraction of the sun and moon on its polar and

equatorial regions.

(324.) Uranographically considered, as affecting the ap-

parent places of the stars, they are of the utmost importance

in practical astronomy. When we speak of the right as-

cension ond declination of a celestial object, it becomes

necessary to state what epoch we intend, and whether we

mean the mean right ascension— cleared, that is, of the

periodical fluctuation in its amount, which arises from nutation,

or the apparent right ascension, which, being reckoned from

the actual place of the vernal equinox, is affected by the

periodical advance and recess of the equinoctial point pro-

duced by nutation— and so of the other elements. It is

the practice of astronomers to reduce, as it is termed, all

their observations, both of right ascension and declination, to

some common and convenient epoch— such as the beginning

of the year for temporary purposes, or of the decade, or the

century for more permanent uses, by subtracting from them

the whole effect of precession in the interval ; and, moreover,

to divest them of the influence of nutation by investigating

and subducting the amount of change, both in right ascension

and declination, due to the displacement of the pole from

the centre to the circumference of the little ellipse above

mentioned. This last process is technically termed correcting

• This argument, cogent as it is, acquires additional and decisive force from

the law of nutation, which is dependent on the position, for the time, of the

lunar orbit. If we attribute it to a real motion of the celestial sphere, we munt

then maintain that sphere to be kept in a constant state of tremor by the motion

of the moon I
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or equatinff the observation for nutation ; by which latter

word id always understood, in astrononjy, the getting rid of

a periodical cause of fluctuation, and presenting a result, not

as it was observed, but as it would have been observed, had

that cause of fluctuation had no existence.

(325.) For these purposes, in the present case, very con-

venient formulas have been derived, and tables constructed.

They are, however, of too technical a character for this

work; we shall, however, point out the manner in which

tlie investigation is conducted. It has been shown in art.

309. by what means the right ascension and declination of an

object are derived from its longitude and latitude. Referring

to the figure of that article, and supposing the triangle

KPX orthographically projected on the plane of the ecliptic

as in the annexed figure: in the triangle KPX, KP is the

obliquity of the ecliptic, KX the co-latitude (or complement

of latitude), and the angle PKX the co-longitude of the

object X. These are the data of our question, of which the

second is constant, and the other two are varied by the effect

of precession and nutation : and their variations (considering

the minuteness of the latter effect generally, and the small

number of years in comparison of the whole period of 25,868,

for which we ever require to estimate the .effect of the

former,) are of that order

which may be regarded as

infinitesimal in geometry,

and treated as such without

fear of error. The whole

question, then, is reduced

to this :— In a spherical

triangle KPX, in which

one side KX is constant,

and an angle K, and ad-

jacent side KP vary by

given infinitesimal changes

of the position of P: re-

quired the changes thence arising in the other side P X, and

the angle KP X. This is a very simple and easy problem of

.iWlWlllUHI
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«)hcrical geometry, antl being resolved, it gives at once the

reductioiiB we are seeking; fur PX being the jmlar aiatancc

of the object, and the angle K PX its right aaccnsum ;>/««

90°, their variutiuns are the very quantities we seek. It only

remains, then, to express in proper form the amount ot the

precession and nutation in longitude and latitude, when their

amount in right ascension and declination will immediately

be obtained.
. i i .•* i

(.326.) The precession in latitude is zero, since the latitndea

of objects are not changed by it : that in longitude is a quan-

tity proportional to the time at the rate of 50"-10 per annum.

With recrard to the nutation in longitude and latitude, these

are no other than the abscissa and ordinate of the little

ellipse in which the pole moves. The law of its motion,

however, therein, cannot be understood till the reader haa

been made acquainted with the principal features of the

moon's motion on which it depends.

(327.) Another consequence of what has been shown

respecting precession and nutation is, that sidereal time,^
astronomers use it, i. e. as reckoned from the transit of the

equinoctial point, is not a mean or uniformlyflowing quantity,

being affected by nutation; and, moreover, that so reckoned,

even when cleared of the periodical fluctuation of nutation,

it does not strictly correspond to the earth's diurnal rotation.

As the sun loses one day in the year on the stars, by its

direct motion in longitude ; so the equinox gains m^ day in

25,868 years on them by its retrogradation. We ought,

therefore, as carefully to distinguish between mean and

apparent sidereal as between mean and apparent solar time.

(328.) Neither precession nor nutation change the apparent

places of celestial objects inter se. We see them, so far as

these causes go, as they are, though from a station more or

less unstable, as we sec distant land objects correctly formed,

though appearing to rise and fall when viewed from the

heavin-- deck of a ship in the act of pitching and rolling.

But tlfere is an optical cause, independent of refraction or of

perspective, which displaces them one among the other, and

causes us to view the heavens under an aspect always to a



fives ftt once the

:lie i>olttr (listanoo

iit ascension ]>lii»

we seek. It only

amount of the

Htude, when their

will immediately

since the latitudes

igitude is a quan-

;0""10 per annum,

ind latitude, these

late of the little

iw of its motion,

ill the reader has

1 features of the

has been shown

,t sidereal time, ao

the transit of the

yjlowing quantity,

, that so reckoned,

lation of nutation,

'a diurnal rotation.

n the stars, by its

ix gains one day in

ition. Wc ought,

ctween mean and

parent solar time,

liange the apparent

sec them, so far a8

a station more or

ts coiTcctly formed,

I viewed from the

tching and rolling.

t of refraction or of

nong the other, and

aspect always to a

ABEURATION OK LIOUT. 211

certain slight extent false ; and whose influence must bo

estimated and allowed for before we can obtain a preci«o

knowledge of the place of any object. This cause is what

is cidled the aberration of light; a singular and surprising

effect arising from thiti, that we occupy a station not at rest

but in rapid motion ; and that tha apparent directions of the

rays of light are not the same to a spectator in motion as to

one at rest. As the estimation of its elfect belongs to

uranography, we must explain it here, though, in so doing,

we must anticipate some of the results to be detailed in

subsequent chapters.

(329.) Suppose a shower of rain to fall perpendicularly in a

dead calm ; a person exjwsed to the shower, who should stand

quite still and upright, would receive the drops on his hat,

which would thus shelter him, but if he ran forward in an/

direction they would strike him in the face. The effect

would be the same as if he remained iftill, and a wind should

arise of the same velocity, and drift them against him.

Suppose a ball let fall from a point A above a horizontal lino

E F, and that at B were placed to receive it the open mouth

of an inclined hollow tube P Q ; if the tube were held im-

moveable the ball would strike on its lower side, but if the

tube were carried forward in the direction EF, with a

velocity properly adjusted at every instant to that of the ball,

while preserving its inclination to the horizon, so that when

the ball in its natural descent reached C, the tube should

have been carried into the position R S, it is evident that the

V 8
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bull would, throughout it« whole descent, be found in tho

axis of the tube; and ft spectator rcfcrru.g to the tube tho

niotion of the ball, und carried along with the former, uneon-

scions of its n.otion. would fancy that tho ball had been

moving in the inclined direction 11 S of the tube s axis.

f330 ^ Our eyes and telescopes are such tubes. In wliai-

cver nutnncr we consider light, whether as an a.lvancu.g

wave in a motionless ether, or a shower of ato.us traversnjg

space, (provided that in both ca.es we regard .t as alHolijtely

iLapable of suffering resistance or corporeal oh^tructum from

the particles of transparent media traversed by it ,)
if in o

interval between the rays traversing the object glass of tho

one or tho cornea of tho other {at ^ohich moment they acqu.ro

that convergence which directs them to a certain pomt mjued

space), and their arrival at their focus, the cross mrcs of tho

one or the retina of the other be dipped astde, the point of

convergence (which remains unchanged) will no longer cor-

respond to tho intersection of the wires or the central po.n

of our visual area. The object then will appmr displaced
;
and

the amount of this displacement is aJerra<«o«.

(331 ) The earth is moving through space with a velocity

of about 19 miles per second, in an elliptic path round tho

Bun, and is therefore changing the direction o ^ts motion at

every instant. Light travels with a velocity of 192,000

miles per second, which, although much greater than tlia of

the earth, is yet not i.fnitel!/ so. Time is occupied by it m

traversing any space, and in that time the earth describes ft

pace wlUch is \o the former as 19 to 192 000 or as ^lo

tangent of 20"-5 toradius. Suppose now A P^
^^

;^q>'^c «n

a ray of light froai a star at A, and let tho tube P Q be that

of a telescope .o inclined forward that the (ocas formed by

„ .„„ !. i„ isable. Without it we fall into all those diffi-

r . ^'•"v.-T'V. Annn . soTell T- inted out in his paper on Al.ermtiou
cuU.es wh.ch ^'•.DoPPl^^

; ^"J'^^^^^^^
Wissenschaften. folge V.

CA»^^-f""*;^" .^;\i;,^°: 'X lun^aifurous ether, be corporeol. the condit on
vol. in.). H I'gl't itseli, or '"^ '

,
„

, ^„„ma cither of the extension

insisted on amounts <•"

^fJ^'^^^^ ;„VL' Zsense in which thos. terniB

or of the fP«"f
^'''"'''y

""f,v ic ans. At the point to which science is

:rctpV^bMewllK^^ »" '-"^'" ^""" ''" ''"" "' '''

other.
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j and, thorefore, tho

angle S P Q, or P 8 R, by which the axis of tho telescope

must deviate from tho true direction of tho star, nuiat bo

20"-.').

(',132.) A similar reasoning will hold good when the direc-

tion of the earth's motion is not perpendicular to the visual

ray. If S B be the true direction of the visual ray, and A C
the position in which tlie telescope

requires to be held in the apparent

direction, wo must still have the pro-

portion B C : B A : : velocity of

light : velocity of the earth : : rad. :

sine of 20"*5 (for in such small angles d"

it matters not whether wo use the

sines or tangents). But wo have, also, by trigonometry,

B C : B A : : sine ofB A C: sine of A C B or C B P, which last

is the apparent displacement caused by aberration. Thus it

appears that the sine of tho aberration, or (since the angle is

extremely small) the aberration itself, is proportional ti the

sine of the angle made by the earth's motion in space with

the visual ray, and is therefore a maximum Avhen the line of

sight is perpendicular to the direction of the earth's motion.

(^r*. The uranogiaphical effect of abcri lion, then, is to

, lort I lie aspect of the heavens, causing all tho stars to

crowd as it were directly towards that point in the heavens

which is the vanishing point of all lines parallel to that in

which the earth i for tho moment moving. As the earth

moves round the sun in the piano of the ecliptic, this point

must lie in that plane, 90" in advance of i ho earth's longitude,

or 90° behind the sun's, and slufts ot course continually, de-

scribing the circumference oi' the ecliptic in a year. It is easy

to demonstrate that the effect on each particular star will be

to make it apparently describe a small ellipse in the heavens,

having for its centre the point in which the star would bo

seen if the earth were at rest.

p y
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(334.) Abei-ration then affecta the apparent right ascen-

sions and declinations of all the stars, and that by quantities

easily calculable. The formulaj most convenient for that

purpose, and which, systematically embracing at the same

time the corrections for precession and nutation, enable the

observer, with the utmost readiness, to disencumber his

observations of right ascension and declination of their in-

fluence, have been constructed by Prof. Besscl, and tabulated

in the appendix to the first volume of the Transactions of the

Astronomical Society, where they will be found accompanied

with an extensive catalogue of the places, for 1830, of the

principal fixed stars, one of the most useful and best arranged

works of the kind which has ever appeared.

(335.) When the body from which the visual ray emanates is

itself in motion, an effect arises which is not properly speaking

aberration, though it is usually treated under that head

in astronomical books, and indeed confounded with it, to the

production of some confusion in the mind of the student.

The effect in question (which is independent of any theoretical

views respecting the nature of light*) may be explained as

follows. The ray by which we see any object is not that

which it emits at the moment we look at it, but that which it

did emit some time before, viz. the time occupied by light in

traversing the interval which separates it from us. The

aberration of such a body then arising from the earth'd

velocity must be applied as a correction, not to the line join-

ing the earth's place at the moment of observation with that

occupied by the body at the same moment, but at that ante-

cedent instant when the ray quitted it. Hence it is easy

to derive the rule given by astronomical writers for the case

• Tlie results of the unduln'ory and corpuscular theories of light, in the

ma*tei- of aberration are, in" the main, the same. We say in the matn. fhere

U however, a minute difference even of numerical results In the undulatory

d;c"rine, the propagation of light takes place with equal velocity m all d.rec-

tiouT whether the luminary be at rest or in motion. In the corpuscular, wuh

an «c»ss of velocity in the direction of the motion over that in the con rary

equal to twice the velocity of the body's motion. In the cases, then, of a body

Zvins with equal velocity directly to and directly from the earth, the aberra-

lions will be alike on the undulatory, but different on the corpuscular hypothesis

TI.e utmost difference which can arise from this cause in our tyttem, cannot

amount to above six thousandths of a second.

^ 'smmammumt^iA
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of a moving object. From the known laics of its motion and

the earth's, calculate its apparent or relative angular motion in

the time taken by light to traverse its distance from the earth.

This is the total amount of its apparent misplacement. Its

effect is to displace the body observed in a direction contrary

to its apparent motion in the heavens. And it is a compound

or aggregate effect consisting of two parts, one of which is

the aberration, properly so called, resulting from the composi-

tion of the earth's motion with that of light, the other being

what is not inaptly termed the Equation of light, being the

allowance to be made for the time occupied by the light in

traversing a variable space.

(336.) The complete Reduction, as it is called, of an astro-

nomical observation consists in applying to the place of the

observed heavenly body as read off on the instruments (sup-

posed perfect and in perfect adjustment) five distinct and

independent corrections, viz. those for refraction, parallax,

aberration, precession, and nutation. Of these the correc-

tion for refraction enables us to declare what would have

been the observed place, were there no atmosphere to

displace it. That for parallax enables us to say from its

place observed at the surface of the earth, where it would

have been seen if observed from the centre. Tliat for aberra-

tion, where it would have been observed from a mol'onless,

instead of a moving station : while the corrections for pre-

cession and nutation refer it to fixed and determinate instead

of constantly varying celestial circles. The great importance

of these corrections, which pervade all astronomy, and have

to be applied to every observation before it can be employed

for any practical or theoretical purpose, renders this recapitu-

lation far fro-i superfluous.

(337.) Refraction has been already sufficiently explained,

Art. 40. and it is only, therefore, necessary here to add that

in its use as an astronomical correction its amount must be

applied in a contrary sense to that in which it affects the

observation; a remark equally applicable to aU other cor-

rections.

(338.) The general nature of parallax or rather of paral-

V 4
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lactic motion has also been explained in Art. 80. But

parallax in the uranographical sense of the word has a more

technical meaning. It Is understood to express that optical

displacement of a body observed which is due to its being

observed, not from that point which we have fixed upon as a

conventional central station (from which we conceive the

ai)parent motion would be more simple in its laws), but from

some other station remote from such conventional centre :
not

from the centre of the earth, for instance, but from its sur-

face : not from the centre of the sun (which, as we shall

hereafter see, is for some purposes a preferable conventional

station), but from that of the earth. In the former case

this optical displacement is called the diurnal or geocentric

parallax ; in the latter the nntiual or heliocentric. In either

case parallax is the corrcctiun to be applied to the apparent

place of the heavenly body, as actually seen from the station

of observation, to reduce it to its place as it would have been

seen at that instant from the conventional station.

(339.) The diurnal or geocentric parallax at any place of

the earth's surface is easily calculated if we know the distance

of the body, and, vice versd, if we know the diurnal parallax

that distance may be calculated. For supposing S the object,

C the centre of the earth,

A the station of observation

at its surface, and C A Z

the direction of a perpen-

dicular to the surface at A,

then will the object be seen

from A in the direction A S,

and its apparent zenith dis-

tance will be Z A S ;

whereas, if seen from the

centre, it will appear in the

direction C S, with an an-

gular distance from the

zenith of A equal to Z C S

;

so that ZAS—ZCS or ASC is the parallax,

since by tngonometry C S : C A :: sin CAS
Now
= sin

.»'
''-'
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Z A S : sin AS C, it follows that the sine of the parallax

Radius of earth ^ „• 17 » q
Distance 01 body

(340.) The diurnal or geocentric parallax, therefore, at a

given place, and for a given distance of the body observed,

is proportional to the sine of its apparent zenith distance, and

is, therefore, the greatest when the body is observed in the

act of rising or setting, in which case its parallax is called

its horizontal parallax, so that at any other zenith distance,

parallax = horizontal parallax x sine of apparent zenith

distance, and since A C S is always less than Z A S it appears

that the application of the reduction or correction for parallax

always acts in diminution of the apparent zenith distance or

increase of the apimrent altitude or distance from the Nadir,

?', e. in a contrary sense to that for refraction.

(341.) In precisely the same manner as the geocentric or

diurnal parallax refers itself to the zenith of the observer

for its direction and quantitative rule, so the heliocentric or

annual parallax refers itself for its law to the point in the

heavens diametrically opposite to the place of the sun as seen

from the earth. Applied as a correction, its effect takes place in

a plane passing through the sun, the earth, and the observed

body. Its effect is always to decrease its observed distance

from that point or to increase its angular distance from the

sun. And its sine is given by the relation. Distance of the

observed body from the sun : distance of the earth from the

sun : : sine of apparent angular distance of the body from

the sun (or its apparent elongation): sine of heliocentric

parallax. *

(342.) On a summary view of the whole of the urano-

graphical corrections, they divide themselves into two classes,

those which do, and those which do not, alter the apparent

configurations of the heavenly bodies inter se. The former

are real, the latter technical corrections. The real corrections

are refraction, aberration and parallax. The technical are

• Tliis account of the law of heliocentric parallax is in anticipation of what

follows in a subsequent chapter, and will be better understood by the student

when somewhat farther advanced.
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precession and nutation, unless, indeed, we choose to conpidcr

parallax as a technical correction introduced with a view to

Bimplification by a better choice of our point of sight.

(343.) The corrections of the first of these classes have

one peculiarity in respect of their law, common to them all,

which the student of practical astronomy will do well to fix

in his memory. They all refer themselves to definite apexes

or points of convergence in the sphere. Thus, refraction in its

apparent effect causes all celestial objects to draw together or

converge towards the zenith of the observer : geocentric pa-

rallax, towards his Nadir : heliocentric, towards the place of

the sun in the heavens : aberration towards that point in the

celestial sphere which is the vanishing point of all lines pa-

rallel to the direction of the earth's motion at the moment, or

(as will be hereafter explained) towards a point in the great

circle called the ecliptic, 90° behind the sun's place in that

circle. When applied as corrections to an observation, these

directions are of course to be reversed.

(344.) In the quantitative law, too, which this class of cor-

rections follow, a like agreement takes place, at least as

regards the geocentric and heliocentric parallax and aberra-

tion, in all three of which the amount of the correction (or

more strictly its sine) increases in the direct proportion of the

sine of the apparent distance of the observed body from the apex

appropriate to the particular correction in question. In the

case of refraction the law is less simple, agreeing more nearly

with the tangent than the sine of that distance, but agreeing

with the others in placing the maximum at 90° from its apex.

(345.) As respects the order in which these corrections are

to be applied to any observation, it is as follows: 1. Refraction

;

2. Aberration ; 3. Geocentric Parallax ; 4. Heliocentric Pa-

rallax ; 6. Nutatiou ; 6. Precession. Such, at least, is the

order in theoretical strictness. But as the amount of aberra-

tion and nutation is in all cases a very minute quantity, it

matters not in what order they are applied ; bo that for prac-

tical convenience they are always thrown together with the

precession, and applied after the others.

i!ilSii^iW=»Wi!g^^^Sgg^



toose to cor.pidcr

1 with a view to

of sight.

Bse classes have

naon to them all,

ill do well to fix

to definite apexes

refraction in its

draw together or

: geocentric pa-

Eirds the place of

that point in the

it of all lines pa-

t tlie moment, or

)oint in the great

a's place in that

(bservation, these

I this class of cor-

lace, at least as

allax and aberra-

;he correction (or

proportion of the

ody from the apex

question. In the

jeing more nearly

mce, but agreeing

90° from its apex,

ise corrections are

ws: 1. Refraction;

Heliocentric Pa-

1, at least, is the

amount of aberra-

linute quantity, it

; BO that for prac-

together with the

>M4-^0

OF THE sun's motion. 219

CHAPTER VI.

OP THE sun's motion ANt> CONSTITUTION.

APPAnKNT MOTION OF THE BUN NOT UNIFORM.— ITS APPARENT

DIAMETER ALSO VARIABLE.—VARIATION OF IIS DISTANCE CON-

CLUDED.— ITS APPARENT ORBIT AN ELLIPSE ABOUT TUE FOCUS.

LAW OF THE ANGULAR VELOCITY. EQUABLE DESCRIPTION

OF AREAS PARALLAX OF THE SUN. ITS DISTANCE AND MAG-

NITUDE COPERNICAN EXPLANATION OF THE SUN's APPARENT

MOTION.— PARALLELISM OF THE EARTIl'S AXIS. THE SEASONS.

—HEAT RECEIVED FROM THE SUN IN DIFFERENT PARTS OF TUB

ORBIT. EFFECT OF EXCENTRICIir OF THE ORBIT AND POSITION

OF ITS AXIS ON CLIMATE.— MEAN AND TRUE LONGITUDES OF TUE

BUN. EQUATION OF THE CENTRE.— SIDEREAL, TROPICAL, AND

ANOMALISTIC YEARS.—PHYSICAL CONSTITUTION OF TUE SUN

ITS SPOTS FACULiE,—PROBABLE NATURE AND CAUSE OF THE

8P0TB. RECENT DISCOVERIES OF MR. DAWES.—itOTATlON OF

THE SUN ON ITS AXIS.— ITS ATMOSPHERE.— SUPPOSED CLOUDS.

PERIODICAL RECURRENCE OF A MORE AND LESS SPOTTED STATE

OF ITS SURFACE.—TEMPERATURE OF ITS SURFACE ITS EXPEN-

DITURE OF HEAT.—PROBABLE CAUSE OF SOLAR RADIATION.

(346.) In the foregoing chapters, it has been shown that the

apparent path of the sun ia a great circle of the sphere, which

it performs in a period of one sidereal year. From this it

follows, that the line joining the earth and sun lies constantly

in one plane ; and that, therefore, whatever be the real motion

from which this apparent motion arises, it must be confined

to one plane, which is called the plane of the ecliptic.

(347.) We have already seen (art. 146.) that the sun's

motion in right ascension among the stars is not uniform.

This is partly accounted for by the obliquity of the ecliptic,

in consequence of which equal variations in longitude do not

correspond to equal changes of right ascension. But if we

observe the place of the sun daily throughout the year, by

the transit and circle, and from these calculate the longitude

for each day, it will still be found that, even in its own proper
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path, its apparent angular motion is far from uniform. The

change of longitude in twenty-four mean solar hours avcrayvs

0° 59' 8"-33 ; but about the 31st of December it amounts to

r 1' 9"-9, and about the Ist of July is only 0° 57' U"'^-

Such are the extreme limits, and such the mean value of the

sun's apparent angular velocity in its annual orbit.

(348.) This variation of its angular velocity is accompanied

with a corresponding change of its distance from us. The

change of distance is recognized by a variation observed to

take place in its apparent diameter, when measured at differ-

ent seasons of the year, with an instrument adapted for that

purpose, called the heliometer*, or, by calculating from the

time which its disc takes to traverse the meridian in the

transit instrument. The greatest apparent diameter corre-

sponds to the Ist of January, or to the greatest angular

velocity, and measures 32' 36"-2, the least is 31' 32"-0
;
and

corresponds to the 1st of July ; at which epochs, as we have

seen, the angular motion is also at its extreme limit cither

way. Now, as we cannot suppose the sun to alter its real

size periodically, the observed change, of its apparant size can

only arise from an actual change of distance. And the

sines or tangents of such small arcs being proportional to

the arcs themselves, its distances from us, at the above-named

epoch, must be in the inverse proportion of the apparent

diameters. It appears, therefore, that the greatest, the

mean, and the least distances of the sun from us are in the

respective proportions of the numbers 1-01679, 1 00000, and

0-98321; and that its apparent angular velocity diminishes

as the distance increases, and vice versa.

(349.) It follows from this, that the real orbit of the sun,

as referred to the earth supposed at rest, is not a circle with

the earth in the centre. The situation of the earth within it

is excentric, the excentricity amounting to 0-01679 of the

mean distance, which may be regarded as our unit of measure

in this inquiry. But besides this, the form of the orbit ia

not circulai-, but eUiptic. If from any point O, taken to

represent the earth, we draw a line, O A, in some fixed

• 'l\Km the 3UI1, and jutT^ijif to measure.
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direction, from which we then set off a series of angles,

A O 13, A O C, &c. equal to the observed longitudes of the

sun throughout the year, and in

these respective directions mea-

sure off from O the distances

O A, O B, O C, &c. representing

the distances deduced from the

observed diameter, and then con-

nect all the extremities A,B, C,

&c. of these lines by a continuous curve, it is evident this will

be a correct representation of the relative orbit of the sun about

the earth. Now, when this is done, a deviation from the cir-

cular figure in the resulting curve becomes apparent ; it is found

to be evidently longer than it is broad— that is to say, ellip-

tic, and the point O to occupy, not the centre, but one of the

foci of the ellipse. The graphical process here described is

sufficient to point out the general figure of the curve in ques-

tion ; but for the purposes of exact vei'ification, it is necessary

to recur to the properties of the ellipse *, and to express the

distance of any one of its points in terms of tiie angular situ-

ation of that point with respect totiie longer axis, or diameter

of the ellipse. This, however, is readily done; and when nu-

merically calculated, on the supposition of the excentrlcity

being such as above stated, a perfect coincidence is found to

subsist between the distances thus computed, and those de-

rived from the measurement of the apparent diameter.

(350.) The mean distance of the earth and sun being taken

for unity, the extremes are 1"01679 and 098321. But if we
compare, in like manner, the mean or average angular velocity

with the extremes, greatest and least, we shall find these to

be in the proportions of 1-03386, 1-00000, and 0-96670.

The variation of the sun's angular velocity, then, is much
greater in proportion than that of its distance— fully twice

as great ; and if we examine its numerical expressions at dif-

ferent periods, comparing them ^\ ith the mean value, and also

with the corresponding distances, it will be found, that, by

• See Coii'c Sections, by tlio Rev. H. P. Hamilton, or any other of the very

numerous works on this subject.
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whatever fraction of it£. mean value the distance cxcccla the"

mean, the angular velocity will fall «hort of its mean or average

quantity by very nearly twice aa great a fraction of the latter,

and vice versa. Hence we are led to conclude that the ayular

velocity is in tho. inverse proportion, not of the distance simply,

but of its square; so that, to compare the daily motion m
longitude of the sun, at one point. A, of its path, with that

at B, we must state the proportion thus
:
—

_

O B" : O A' :: daily motion at A : daily motion at a.

And this is found to be exactly verified in every part of the

(351.) Hence we deduce another remarkable conclusion—
viz. that if the sun be supposed really to move around the

circumference of this ellipse, its actual speed cannot be uni-

form, but must be greatest at its least distance and less at its

greatest. For, were it uniform, the apparent angular velocity

would be, of course, inversely proportional to the distance;

simply because the same linear change of place, being produced

in the same time at different distances from the eye, must,

by the laws of perspective, correspond to apparent angular

displacements inversely as those distances. Since, then,

observation indicates a more rapid law of variation in the

angular velocities, it is evident that mere change of distance,

unaccompanied with a change of actual speed, is insufficient

to account for it ; and that the increased proximity of the sun

to the earth must be accompanied with an actual mcrease of

its real velocity of motion along its path.

(352.) This elliptic form of the sun's path, the excentnc

position of the earth within it, and the unequal speed with

which it is actually traversed by the sun itself, all tend to

render the calculation of its longitude from theory {i.e. from

a knowledge of the causes and nature of its motion) difficult

;

and indeed impossible, so long as the law of its actual velocity

contmues unknown. This lato, however, is not immediately

apparent. It does not come forward, as it were, and present

itself at once, like the elliptic form of the orbit, by a direct

comparison of angles and distances, but requires an attentive

consideration of the whole aeries of observationfl registered

-;^ig.^?^^ss^^ss»sr i .-.,-i/-
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during an entire period. It was not, therefore, without much

painful and laborious calculation, that it was discovered by

Kepler (who was also the first to ascertain the elliptic form

of the orbit), and announced in the following terms :— Let a

line be always supposed to connect the sun, supposed in

motion, with the earth, supposed at rest; then, as the sun

moves along its ellipse, this line (which is called in astronomy

the radius vector) will describe or sweep over that portion of

the whole area or surface of the ellipse which is included

between its consecutive positions : and the motion of the sun

will be such that equal areas are thus swept over by the re-

volving radius vector in equal times, in whatever part of the

circumference of the ellipse the sun may be moving.

(.353.) From this it necessarily follows, that in wncqual

times, the areas described must be proportional to the times.

Thus, in the figure of art. 349. the time in which tlic suji

moves from A to B, is to the time in which it moves from C

to D, as the area of the elliptic sector A O B is to the area

of the sector DOC.
(354.) The circumstances of the sun's apparent annual

motion may, therefore, be summed up as follows :
— It is

performed in an orbit lying in one plane passing through the

earth's centre, called the plane of the ecliptic, and whose pro-

jection on the heavens is the great circle so called. In this

plane its motion is from west to east, or to a spectator look-

ing down on the plane of the elliptic from the northern side,

in a direction the reverse of that of the hands of a watch

laid face uppermost. In this plane, however, the actual

path is not circular, but elliptical ; having the earth, not in

its center, but in one focus. The excentricity of this ellipse

is 0-01679, in parts of a unit equal to the mean distance, or

half the longer diameter of the ellipse; i. e. about one sixtieth

part of that semi-diameter; and the motion of the sun in its

circumference is so regulated, that equal areas of the ellipse

are passed over by the radius vector in equal times.

(355.) What we have here stated supposes no knowledge

of the sun's actual distance from the earth, nor, consequently,

of the actual dimensions of its orbit, nor of the body of the
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Bun itself. To come to any concluslona on these points, we

must first consider by wliat menus we can arrive at any

knowled^'e of the ilistuncc of an objecl to which we have no

access. IVow, it is obvious, tluit its parallax done can afford

us any infonnatiou on this subject. Suppose P A IJ Q to

represent the eartli, C its centre, and S the sun, and A, B

two situations of a spectator, or, which comes to the same

thing, the stations of two i^i
.ctators, both observing the sun

S at the same instant. The spectator A will see it in the

direction A Sa, and will refer it to a point a in the infinitely

distant sphere of the fixed stars, while the spectator B will

see it in the direction B S i, and refer it to b. The angle

included between these directions, or the measure of the

celestial arc a b, by which it is displaced, is equal to the angle

A S B • and if this angle be known, and the local situations

of A and B, with the part of the earth's surface A B included

between them, it Is evident that the distance C S may be

calculated. Now, since A S C (art. 339 ) is the parallax of

the sun as seen from A, and B S C as seen from B, the angle

A S B, or the total apparent displacement is the sum of the

two parallaxes. Suppose, then, two observers— one in the

northern, the other in the southern hemisphere— at stations

on the same meridian, to observe on the same day the meridian

altitudes of the sun's centre. Having thence derived the

apparent zenith distances, and cleared them of the effects of

refraction, if the distance of the sun wci" equal to that of the

fixed stars, the sum of the zenith distances thus found would

be precisely equal to the sum of the latitudes north and south

of the places of observation. For the sum in question would

then be equal to the angle Z C X, which is the meridional

distance of the stations across the equator. But the effect

of parallax being in both caseb to increase the apparent zenith
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distances, their observed sum will be greater than the sum

of the latitudes, by the suti of the two parallaxes, or by tlio

angle A S B. This angle, then, is obtained by subducting

the sum of the north and south latitudes from that of the

zenith distances; and thirt once determined, the horizonttfl

j)arallax is easily found, by dividing tlie angle so determined

by the sum of the sines of the two latitudes.

(35G.) If the two stations be not exactly on the same

meridian (a condition very difficult to fulfil), the same process

will apply, if we take care to allow for the change of the sun's

actual zenith distance in the interval of time elapsing between

its arrival on the meridians of the stations. This change is

readily ascertained, either from tables of the sun's motion,

grounded on the experience of a long course of observations,

or by actual observation of its meridional altitude on several

days before and after that on which the observations for

parallax are taken. Of course, the nearer the stations are to

each other in longitude, the less is this interval of time, and,

consequently, the smaller the amount of this correction ; and,

therefore, the less injurious to the accuracy of the final result

is any uncertainty in the daily change of zenith distance

which may arise from imperfection in the solar tables, or in

the observations made to determine it.

(357.) The horizont.d parallax of the sun has been con-

cluded from observations of the nature above described, per-

formed in stations the most remote from eacli other in latitude,

at which observatories have been instituted. Tt has also been

deduced from other methods of a more refined nature, and

susceptible of much greater exactness, to be hereafter de-

scribed. Its amount so obtained, is about 8"-6. Minute as

this quantity is, there can be no doubt that it is a tolerably

correct approximation to the truth; and in conformity with it,

we must admit the si: i to be situated at a mean distance

from us, of no less tlian 23984 times the length of the

earth's radius, or about 95C30000 miles.

(358.) That j>t so vast a distance the sun should appear to

us of the size it does, and should so powerfully influence our

condition by its heuL and light, requires us to form a very

I
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grand conception of its actual magnitiulo, and of the Hcalo on

which those important proccaHOrt arc carried on withm it, by

which it is enabled to keep up its liberal and unceasing supply

of these clementa. As to its actvial magnitude we can be at

no I088, knowing its distance, and the angles under which its

diameter appears to us. An object, placed at the distance ol

<)50()0()00 miles, and subtending an angle of 32' 1", must have

a real diameter of882000 miles. Such, then, is the diameter of

this stupendous globe. If we compare it with what we havo

already ascertained of the dimensions of our own, we shall

find that in linear magnitude it exceeds the earth in tlie pro-

portion Uli to 1. a"^ '" ^"^'^ '" ^'"'^ *"*' 1384472 to 1.

(359.) It is hardly possible to avoid associating our con-

ception of an object of definite globular figure, and of such

enormous dimensionR. with some corresponding attribute of

massivcness and material solidity. That the sun is not a

mere phantom, but a body having its own peculiar structure

and economy, our telescopes dist iactly inform us. TIk y show

us dark spots on its surface, which slowly change their i)lacc8

and forms, and by attending to whose situation, at different

times, astronomers have ascertained that the sun revolves

about an axis nearly perpendicular to the plane of the

ecliptic, performing one rotation in a period of about 25 days,

and in the same direction with the diurnal rotation of

the earth, i. e. from west to east. Here, then, wc have an

analogy with our own globe; the slower and more majestic

movement only corresponding with the greater dimensions of

the machinery, and impressing us with the prevalence of

similar mechanical laws, and of, at least, such a community

of nature as the existence of inertia and obedience to force

may argue. Now, in the exact proportion in which wc invest

our idea of this immense bulk with the attribute of inertia, or

weight, it becomes difficult to conceive its circulation round

80 comparatively small a body as the earth, without, on the

one hand, dragging it along, and displacing it, if bound to it

by some invisible tie ; or, on the other hand, if not so held to

it, pursuing its course alone in space, and leavug the earth

behind. If we connect two solid masses by a rod, and fling

them aloft, wc see them circulate about a point between them,
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which Ih their common centre of gravity ; but if one of them
bo grtatly njorc [xjnderous than the other, this common centre
will bo proj)ortii)nally nearer to that one, and e\on within its

surface
; so that tho smaller one will circulate, in fact, about

the larger, which will be comparatively but little disturbed
from its place.

(;{()().) Whether the earth move round tho sun, the sun
round tho earth, or both round their common centre of
gravity, will make no ditFercnco, go far ih ai)pcnranco,- arc
concerned, provided the stars bo supposed sufficiently dial iit

to undergo no sensible appnrout paralluctic disijlacemcnt by
^ho motion so attributed to the earth. Whether they ai so

or not must still be a matter of enquiry; and from the abt- co
of any measureable amount of hucIi displncrment, wc can con
elude !

;.'- cr but this, that the scale of the Midercal universe
is BO gi ^at, t..it.t the unitual orbit of the earth and sun may
bo r garded a* i imperceptible point in comparison with the
disti.>c(i of its jarest members. Admitting, then, in con-
formitj "'ith iae laws of dynamics, that t o bodies connected
with onu revolving about each other in free space do, in fact,

revolve about thoi'' common centre of gravity, which remains
immoveable by thjir mutual action, it becomes a matter of

further enquiry, xrhcreahouts between them this centre is

situated. Mechanics teach us that its jjIrcc will di\ ,<le their

mutual distance :i the inverse ratio of their weifjhts or
masses* ; and calculations grounded on phcnomc' n, of which
an account will be given further on, inform us that this ratio,

in tho case of the sun and earth, is actually that of 354936
to 1,— the sun being, in that proportion, more ponderous
than the earth. From this it will follow that the common
point about which they both circulate ^ only 'f;? miles from
the sun's centre, or about ^yVo^h part of its on. a diameter.

(361.) Henceforward, then, in conformity ith the above
statements, and with the Copernican view of our systcni, we
must learn to look upon the sun as the comparatively i\iotion-

less centre about which the earth performs an amual elliptic

orbit of the dimensions and exccntricity, and with a velocity,

• IVincipia, lib. i. lex. iii. cor. H,
ij 2
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regulated according to the law above assigned; the sun

occupying one of the foci of the ellipse, and from that station

quietly disseminating on all sides its light and heat; while

the earth travelling round it, and presenting itself differently

to it at different times of the year and day, passes through

the varieties of day and night, summer and winter, which we

enjoy ; its motion (art. 354.) being from west to east.^

(362.) In this annual motion of the earth, its axis pre-

serves, at all times, the same direction as if the orbitual

movement had no existence; and is carried round parallel to

itself, and pointing always to the same vanishing point in

the sphere of the fixed stars. This it is which gives rise to

the variety of seasons, as we shall now explain. In so doing,

we shall neglect (for a reason which will be presently ex-

plained) the ellipticity of the orbit, and suppose it a circ e,

with the sun in the center and the four quadrants of its orbit

to be described in equal times, the motion in a circle being

uniform.

(363.) Let, then, S represent the sun, and A, B, C, D,

four positions of the earth in its orbit 90° apart, viz. A that

which it has at the moment when the sun is opposite to the

intersection of the plane of the ecliptic B G, with that of

the equator F E, B that which it has a quarter of a year

subsequently or 90° of longitude in advance of A; C, 180

and D, 270° in advance of A.* In each of these positions

• The figure by a mistake of the engraver is inverted right and left, so that

the earth i» ma.lc to move the wrong way round the su".- a point of no con-

Bequence to the reasoning, and which the reader will rectify m nnagination.

-Tffisefwjt8e«rww-**?<'5«.-wi!W5Bi
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let P Q represent the axis of the earth, about which its

diurnal rotation is performed without interfering with its

annual motion in its orbit. Then, since the sun can only

enlighten one half of the surface at once, viz. that turned

towards it, the shaded portions of the globe in its several

positions will represent the dark, and the bright, the en-

lightened halves of the earth's surface in these positions.

Now, 1st, in the position A, the sun is vertically over the

intersection of the equinoctial F E and the ecliptic II G. It

is, therefore, in the vernal eq? Inox ; and in this position the

poles P, Q, both fall on the extreme confines of the en-

lightened side. In this position, therefore, it is day over

half the northern and half the southern hemisphere at once

;

and as the earth revolves on its axis, every point of its sur-

face describes half its flinrnal course in light, and half in

darkness ; in other wordri, the duration of day and night is

here equal over the whole globe : hence the terra equinox.

The same holds good at the autumnal equinox on the posi-

tion C.

(364.) B is the position of the earth at the time of the

northern summer solstice. (See art. 389.) Here the north

pole P, and a considerable portion of the earth's surface in

its neighbourhood, as far as B, are situated within the en-

lightened half. As the earth turns on its axis in this position,

therefore, the whole of that part remains constantly en-

lightened; therefore, at this point' of its orbit, or at tlia

season of the year, it is continual day at the north pole, and

in all that region of the earth which encircles this pole as far

as B— that is, to the distance of 23° 27' 30'' from the pole,

or within what is called in geography the arctic circle. On

the other hand, the opposite or south pole Q, with all the

region comprised within the antarctic circle, as far as 23° 27'

30" from the south pole, are immersed at this season in dark-

ness during the entire diurnal rotation, so that it is here con-

tinual night.

(365.) With regard to that portion of the surface compre-

hended between the arctic and antarctic circles, it is no less

evident that the nearer any point is to the north pole, the

q3
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larger will be the portion of its diurnal course comprisea

wiSiin the bright, and the smaller within the dark hcnii-

sphere ; that is to say, the longer will be its day, and the

shorter its night. Every station north of the equator will

have a day of more and a night of less than twelve hours'

duration, and vice versd. All these phasnomena are exactly

inverted when the earth comes to the opposite point D of its

orbit.
, ,

(366.) Now, the temperature of any part of the earths

surface depends mainly on its exposure to the sun's rays.

Whenever the sun is above the horizon of any place, that

place is receiving heat; when below, parting with it, by the

process called radiation; and the whole quantities received and

parted with in the year (secondary causes apart) must balance

each other at every station, or the equilibrium of temperature

(that is to say, the constancy which is observed to prevail in

the annual averages of temperature as indicated by the

thermometer) would not be supported. Whenever, then,

the sun remains more than twelve hours above the horizon of

any place, and less beneath, the general temperature of that

place wiU be above the average ; when the reverse, below.

As the earth, then, moves from A to B, the days growing

longer, and the nights shorter in the northern hemisphere,

the temperature of every part of that hemisphere increases,

and we pass from spring to summer; whik, at the same

time the reverse obtains in the southern hemisphere. As the

earth passes from B to C, the days and nights again approach

to equality— the excess of temperature in the northern

hemisphere above the mean state grows less, as well as its

defect in the southern; and at the autumnal equinox C, the

mean state is once more attained. From thence to D, and,

finally, round again to A, all the same phscnomena, it is

obvious, must again occur, but reversed,— it being now

winter in the northern and summer in the southern hemi-

sphere.

(367.) All this is consonant to observed tact, ihe con-

tinual day within the polar circles in summer, and night in

winter, the general increase of temperature and length ot

J
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day as the sun approaches the elevated pole, and the reversal

of the seasons in the northern and southern hemisiAcres, are

all facts too well linown to require further comment. The
positions A, C of the earth correspond, as we have said, to

the equinoxes; those at B, D to the solstices. This term

must be explained. If, at any point, X, of the orbit, we
draw X P the earth's axis, and X S to the sun, it is Evident

that the angle P X S will be the sun's polar distance. Now,
this angle is at its maximum in the position D, and at its mi-

nimum at B : being in the former case= 90° -1-23° 28'— 1 13°

28', and in the latter 90° -23° 28'= 66° 32'. At these

points the sun ceases to approach to or to recede from the

pole, and hence the name solstice.

(368 a.) Let us next consider how these phsenomena are

modified by the ellipticity of the earth's orbit and the posi-

tion of its longer axis with respect to the line of the so) ^tices.

This ellipticity (art. 350.) is about one sixtieth of the mean
distance, so that the sun, at its greatest proximity is about

one thirtieth of its mean distance nearer us than when most

remote. Since light and heat are equally dispersed from the

sun in all directions, and are spread, in diverging, over the

surface of a sphere enlarging as they recede from the center,

they must diminish in intensity according to the inverse pro-

portion of the surfaces over which they are spread, i. e. in

the inverse ratio of the squares of the distances. Hence the

hemisphere opposed to the sun will receive in a given time,

when nearest, two thirtieths or one fifteenth more heat and

light than when most remote, as may be shown by an easy

calculation.* Now, the sun's longitude when at its least dis-

tance from the earth (at which time it is said to be in perigee

and the earth in its perihelion f) is at present 280° 28' in

which position it is on the Ist of January, or eleven days

after the time of the winter solstice of the. northern hemi-

sphere ; or, which is the same thing, the summer solstice of

the southern (art. 364.), while on the other hand the sun is

most remote (in apogee or the earth in its aphelion %), when

* (!4)' = (i?)' very nearly, = QJ)'= §^=8S very nearly, =.
if.

f irtpi, about or iix llie neighbourhood of; >»>, the earth ; 1)Km, the sun.

i
av6, away from.

a4
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in longitude 100' 28' or on the 2nd of July, le. eleven-

days a^ter the epoch of the northern summer or southern

^vinter solstlee. We shall suppose, however, for sm.phcity of

explanation, the peri.^ee and apogee to be comcident with

the solstiee. At and about the -"^1^'=™/""^™*^'^
J^^^^

"!

then, the whole earth is receivmg per diem the greatest

amou* of heat that it ean receive, and of tins the southern

hemisphere receives the larger share, because its pole and the

whole region within the antarctic circle is m perpetual sun-

shine, while the corresponding northern regions lie in shadow.

On the other hand, at and about the northern summer solstice,

although it is true that the reverse conditions
_

as to the

regions illuminated prevaU, yet the whole earth is then re-

ceivincr per diem less heat owing to the sun's remoteness
:
so

that on the whole if the seasons tvere of equal duration, ov in

other words, if the angular movement of the earth in its

elliptic orbit were uniform, the southern hemisphere wou d

receive more heat per annum than the northern, and would

consequently have a warmer mean temperature.

(368i.) Such, however, is not the case. The a»^tJar ve-

locity of the earth in its orbit, as we have seen (art, 350.), is

not uniform, but varies in the inverse ratio of the square of

the sun's distance, that is, in the same precise ratio as his

heating power. The momentary supply of heat tnen re-

ceived by the earth in every point of its orbit varies exactly

as the momentary increase of its longitude, from which i

obviously follows, that equal amounts of heat are received

from the sun in passing over equal angles round it, in what-

ever part of the ellipse those angles may be situated, bup-

posing the orbit, then, to be divided into two segments by any

straicrht line drawn through the sun, since equal angles m lon-

gitude (180») are described on either side of this Ime the

amount of heat received will be equal. In passing then from

either equinox to the other, the whole earth receives equal

amount of heat, the inequality in the intensities of solar ra-

diationin the two intervals being precisely compensated by

the opposite inequality in the duration of the intervals thcm-

sss
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selves; which amounts to about 7^ days, by which the

northern spring and summer are together longer than the

southern. For these intervals are to each other in the pro-

portion of the two unequal segments of the whole ellipse into

which the line of the equinoxes divides it. (See art. 353.)

(368 c.) In what regards the comfort of a climate and the

character of its vegetation, the intensity of a summer is

more naturally estimated by the temperature of its hottest

day, and that of a winter by its sharpest frosts, than by the

mere durations of those seasons and their total amount of neat.

Supposing the excentricity of the earth's orbit were very

much greater than it actually is ; the position of its perihe-

lion remaining the same ; it is evident that the characters of

the seasons in the two hemispheres would be strongly con-

trasted. In the northern, we should have a short but very

mild winter with a long but very cool summer — i. e. an ap-

proach to perpetual spring ; while the southern hemisphere

would be inconvenienced and might be rendered uninhabitable

by the fierce extremes caused by concentrating half the annual

supply of heat into a summer of very short duration and

spreading the other half over a long and dreary winter,

sharpened to an intolerable intensity of frost when at its cli-

max by the much greater remoteness of the sun.

(369.) As it is, the difference, except under peculiar cir-

cumstances, is not very striking, being masked to a certain

extent by the action of another very influential cause to be

explained in (art. 370.). This does not prevent, however,

the direct impression of the solar heat in the height of sum-

mer,— the glow and ardour of his rays, under a perfectly

clear sky, at noon, in equal latitudes and under equal circum-

stances of exposure,— from being materially greater in the

southern hemisphere than In the northern. One fifteenth is

too considerable a fraction of the whole intensity of sunshine

not to aggravate in a serious degree the sufferings of those

for Instance who are exposed to it in thirsty deserts, without

shelter. The accounts of these sufferings in the interior of

Australia arc of the most frightful kind, and would seem far

,- %i,ff-
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to exceed what have ever bcca undergone by travellera hi

the northern deserts of Africa.*

(369 a.) It must be obsciv;^il moreover, that in estimating

the eifcct of any additiorud {rv^Um (u ^
• -.(ie iilUcnth) of solar

radiation on temperature, yvt have to conBidrr as our unit,

not the number of degi-ee above a purdy arbitrary zero

point (sucii as ihe fret;ch.s j)':mt of ^vatu' -r the zero of

Fahrenheif's scak) on whi'h a thermomet( v stands in a hot

summer 'iay, ns compared with a cold winter one, but the

thermoM\et) ic. interval is between the temperatures it indi-

cates in tlio two cases, and thut which it would indicate did

the sun not exini, which there is good reason to believe f

would be at leaeL as iow as 239° hdow ztro of Fahrenheit.

And as a tempenrturo of 100' Fahrenheit above zero is no

imcommon one in a tlur slmd;; exposure under a sun nearly

vertical, we have to take one fifteenth of the sum of these

intervals (339°), or 23° Fahrenheit, as the least variation of

temperature under »-ioh circumstances which can reasonably

be attributed to the a'itual variation of the sun's distance.

(369 b.) In what l>as been premised we have supposed the

situation of the axis ; f the earth's orbit to coincide with

the line of the solstices, neglecting the difference of about

eleven days' motion at present existing between them. But

this near coincidence has not always been the state of things,

and will not always continue to be so. By the effect of pre-

cession (art. 312.), both the line of equinoxes and those of

solstices retreat on the ecliptic by an annual angular move-

ment of 50" -1, which cause alone would carry them round,

.with respect to the axis of the earth's ellipse through a com-

plete revolution, in 25868 years. And in this period, sup-

posing the axis to retain a fixed position, the perihelion would

come to coincide successively in longitude with both the sol-

* See the account of Captain Sturt's exploration in Athcnasum, No. 1012.

« The croiind was almost a molten surface, and if a match accidentally fell upon

it, it immediately ignited " The author has observed the temperature of the

surface soil in South Africa as high as 159° Fahrenheit. An ordinary hici-

fer match does not ignite when simply pressed upon a smooth surface at 21 2 ,

but in thaaci of withdrawing it, it takes fire, and the slightest friction upon such

a surface of course ignites it.

t See METE0110I.0GY, Ency<;l. Urit. (new editwn) Art. 36.
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etices and with both the equinoxes. But, besides this, owing

to the operation of causes hereafter to be explained, the axis

does not remain so fixed, but shifts its position, with a much

slower angular movement, of ll"-8 per anmrm in the opposite

direction to that in which precession carries the line of equi-

noxes, and by which movement alone, if uniformly continued,

the direction of the axis itself would be carried entirely round

the whole circumference of the ecliptic in an immensely long

period (no less than 109830 years). Thus then we see that the

vernal equinox and the perihelion recede from each other by

the joint annual amount of 61"-9 or a degree in 58-16 years,

which is, in effect, the same as if the perihelion made a com-

plete revolution with reference to a fixed equinox in 20984

years. In consequence of this joint variation then, the place

of the perihelion must have coincided with the vernal equi-

nox (or have been situated in longitude 0°) about 4000 years

before the Christian era, and in longitude P0° about a.d.

1250, and will be situated in longitudes 180° and 270° respec-

tively about the year a.d. 6500 and 11700, At the latter of

these epochs, the case we have considered in the foregoing

articles (368 a. et seq.) will be reversed, and the extreme sum-

mer and winter of the southern hemisphere will be trans-

ferred to the northern.

(369 c.) In the immense periods which geologists contem-

plate in the past history of the earth, this alternation of cli-

mates must have happened, not once only, but thousands of

times, and it is not impossible that some of the indications

which they have discovered of the prevalence at some for-

mer epoch or epochs of widely different climates from the

present in the northern hemisphere, may be referable, in part

at least, to this cause, though we are very far from supposing

it competent (even taken in conjunction with other variations

to be explained further on, which will sometimes go to ex-

aggerate and sometimes to palliate its influence,) to account

for the whole of the changes which appear to have taken

place.*

• M Reynaud (Extrait de Philosopliie religicuse. Paris: Imprimcrie Du-

vergne), from whom we have horrowed the latter part of this intcrt-sting specu-

lation, attributes more influence to this cause, in historical limes, than -.ve sliouUI

msmtm
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(370.) A conclusion of a very remarkable kind, recently

drawn by Professor Dove from the comparison of ihcrmome-

tric observations at different seasons in very remote regions

of the globe, may appear on first sight at variance with much

that is above stated. That eminent meteorologist has shown,

by taking at all seasons the mean ofthe temperatures of points

diametrically opposite to each other, that the mean tempera-

ture of the whole earth's surface in June considerably exceeds

that in December. This result, which is at vaiiance v»'ith

the greater proximity of the sun in December, is, however,

due to a totally different and very powerful cause,— the greater

amount of land in that hemisphere which has its summer

solstice in June {i. e. the northern, sec art. 362.); and the

fact is 80 explained by him. The effect of land under sun-

shine is to throw heat into the general atmosphere, and so

distribute it by the currying power of the latter over the

whole earth. AVater is much less effective in this respect,

the heat penetrating its depths, and being there absorbed

;

BO that the surface never acquires a very elevated tempera-

ture even under the equator.

(371.) The great key to simplicity of conception in astro-

nomy, and, indeed. In all sciences where motion is concerned,

consists in contemplating every movement ar.refeiTed to points

which are either permanently fixed, or so nearly so as that

their motions shall be too small to interfrre materially with

and confuse our notions. In the choice of these primary

points of reference, too, we must endeavour, as far as possible,

to select such as have simple and symmetrical geometrical

relations of situation wit'' respect to the curves described by

the moving parts of the system, and which are thereby fitted

to perform the office of natural centers— advantageous sta-

l,c disposed to allow it, when, for instance, he would explain by it the almost

total disappearance of the date palm from J.idaea smce the time of Pl.ny, at

which it appears to have flourished in perfection. At that epoch, however

the perihelion occupied a situation only 20° from the Dccemher solstice
;
which

implies a difference between the sun's perihelial and solst.c.al distances not ex-

ceedine a thousandth part of its mean disfance, corresponding to a difterence of a

five-hundredth part in the solar radiation. Tlie effect of this, reckoned on the

principles explained in the text, would not exceed two-thirds of a degree

Fahr. in the midsummer temperature of Judtea at noon. See also Ins Uis-

cours bui- la Constitution physique de la Terrc" {Encyclopedu Nouvelk.)
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tions for the eye of reason and theory. Having learned to

attribute an orbital motion to the earth, it loses this advan-

tage, which in transferred to the sun, as the fixed center about

which its orbit is performed. Precisely as, when embarrassed

by the earth's diurnal motien, we have learned to transfer, in

imagination, our station of observation from its surface to its

center, by the application of the diurnal parallax ; so, wlien

we come to inquire into the movements of the planets, wc

shall find o.irsclves continually embarrassed by the orbital

motion of our point of view, unless, by the consideration of

the annual or heliocentric parallax, we consent to refer all our

observations on them to the center of the sun, or rather to the

common center of gravity of the sun, and the other bodies

which arc connected with it in our system.

(372.) Hence arises the distinction between the geocentric

and heliocentric place of an object. The former refers its

situation in space to an imaginary sphere of infinite radius,

having the center of the" earth for its center— the latter to

one concentric with the sun. Thus, when we speak of the

heliocentric longitudes and latitudes of objects, we suppose the

spectator situated in the sun, and referring them by circles

perpendicular to the plane of the ecliptic, to the great circle

marked out in the heavens by the infinite prolongation of

that plane.

(373.) The point in the imaginary concave of an infinite

heaven, to which a spectator in the sun refers the earth, must,

of course, be diametrically opposite to that to which a spec-

tator on the earth refers the sun's center ;
consequently the

heliocentric latitude of the earth is always nothing, and its

heliocentric longitude ahmys equal to the sun's geocentric

longitude + 180°. The heliocentric equinoxes and solstices

are, therefore, the same as the geocentric reversely named ;

and to conceive them, we have only to imagine a plane passing

through the sun's center, parallel to the earth's equator, and

prolonged infinitely on all sides. The line of intersection of

this plane and the plane of the ecliptic is the line of equinoxes,

and the solstices are 90" distant from it.

(374.) Were the earth's orbit a circle, described with a

• uniform velocity about the sun placed in its center, nothing
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could be easier than to calculate its position at any time with

rcBpcct to the line of equinoxes, or its lonfrituclc, for wc should

only h;. ve to ro<l cc to numbers the proportion toll )\vin<?
;
viz.

One year : the time elapsed :: 360^ : the arc of longitude

passed over. Tlie longitude so calculated is called in astro-

nomy the mean .ongitudc of the earth. But since the earth's

orbit is neither circular, nor uniformly dci=' ii)ed, this rule

will not give us the true place in the orbit at any proposed

moment. Nevertheless, as the uxcentricity and deviation

from a circle arc small, the true place will never deviate very

f, w, !: . ... 30 dctcn-mined (which, for distinction's sake, is

called the mean /;/act'), and the former may at all times be

calculated from the latter, by applying to it a corrertion or

e,]uation (aa it is termed), whose amount is never very great,

and whoso compulation is a question of pure geometry,

depending on the equable description of ireaa by !ho earth

about the sun. For since, in elliptic motion according to

Kepler's law above stated, areas not angles are described

uniforndy, the proportion must now be stated thu. ;— One

year : the time elapsed: : the whole area of the ellipse : the

area of the sector swept over by the radius veer >r in that time.

This area, therefore, becomes known, and it is then, as above

observed, a problem of pure ^.. metry to ascertnin the anyle

about the sun (X S Z, fg. art. 362. ), which corresponds to any

proposed fractional area of the whole -Uipse supposed to L

contained in the sector X Z S. Sui we set out from >'

the perihelion, 1 ' n wii! the angle X ^ Z at first incr. aore

rapidly than i\u '^an longiti, h, and will, therefor. ,
duiing

the whole semi-revolut on froiu Ato M, exceed it iu amount

or n other words, the true place will be in advance of the

V : at ]\T one half thr, year w'U have elapscid, and ono

halt the orbiL have been 'lescribed, - hether il ci ular oi

elliptic. Here, then, the mean and ue places eoinride
;
but

in nil the other half of the orbit, from M to A, th true place

will fall short ui the. mean, since a' M the angular motion is

elowcBt, and the true i>lace from his point begins to lag

bellind the mean— to make up ith it, ho v, ever, as it

appr- ches A, where it one more < 'akes it.
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\TION OF THE CENTEU. 2V.)

(37.'3.) Tl\i |uantity by which the true longitude 'f the

earth dill'ors from the niean longitude is called the ccpiation

of the center, and is additive during all the half-year in which

the earth passes from A to M, beginning at 0° 0' 0", increasing

to a maximum, and again diminishing to zero at M ; after

which it becomes subtractivc, attains a maximum of sub-

tractive magnitude between M and A, and again diminishes

to at A. Its maximum, both additive and bu' tractive, is

r 55' :\^"-3.

{37(>.) By applying, then, to the earth's mean longitude

the c([uation of the center corre8p<mding to any given time

at which we would ascertain its place, tlic true longitude

becomes known ; and since the sun is always seen from tlio

earth in 180° more longitude than the earth from the sun, in

this way also the sun's true place in the ecliptic becomes

known. The calculation of the equation of the center in

pcrfot d by a table constructed for that purpose, to be

found .1 all "Solar Tables."

(377.) The maximum value of the equation of the center

depends only on the elliptieity of the orbit, and may be e -

pressed in terms of the excentricity. Vice vcrsd, therefore,

if the former quantity can be ascertained by observation, the

latter may be derived from it; because, whenever the law,

or numerical connection, between two quantities is known,

the one can always be determined from (lie other. Now, by

assiduous observation of the sun's transits over the meridian,

we can ascertain, for every day, its exact right ascension, and

thence conclude its longitude (art, 309.). After this, it is

easy to assign the angle by which this observed longitude ex-

ceeds or falls short of the mean ; and the greatest amount of

this excess or defect which occurs in the whole year is the

maximum equation of the center. This, as a means of ascer-

taining the eccentricity of the orbit, is a far more easy and

accnrate method than that of concluding the sun's distance by

me;i ring its apparent diametci. T'lc results of the two

mc' -i coincide, however, perfect!

( .) If the ecliptic coincided yi;'. the equinoctial, the

effc . of he eq.uation of the center, by disturbing the unifor-
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mity of tho sun's apparent motion in lonRitudo, would cauBo

an inequality in its time of coming on the meridian on mic-

ocssivc days. When the aun'a center comes to the meridian,

it is apparent noon, and if its motion in longitude were uni-

form, and tho ecliptic coincident with the eriuinoctial, this

would always coincide with tho mean noon, or the stroke of

12 on a well-regulated solar clock. But, independent of the

want of uniformity in its motion, the obliquity of the ecliptic

gives rise to another inequality in this respect ;
in conse-

quence of which, the sun, even supposing its motion in the

ecliptic uniform, would yet alternately, in its time of attain-

ing the meridian, anticipate and fall short of the mean noon

as^shown by the clock. For tho right ascension of a celestial

object forming a side of a right-angled spherical triangle, of

which its longitude is the hypothenusc, it is clear that the

uniform increase of the latter must necessitate a deviation

from uniformity in the increase of the former.

(37!).) These two causes, then, acting conjointly, produce,

in fact, a very considerable fluctuation in the time as shown

per clock, when the sun really attains the meridian. It

amounts, in fact, to upwards of half an hour; apparent noon

sometimes taking place as much as 16imin. before mean

noon, and at others as much as 14 J min. after. This differ-

ence between apparent and mean noon is called the equation

of time, and is calculated and inserted in ephemerides for

every day of the year, under that title : or else, which comes

to the same thing, the moment, in mean time, of the sun's

culmination for each day, is set down as an astronomical

phi^nomenon to be observed.

(380.) As the sun, in its apparent annual course, is carried

along the ecliptic, its declination is continually varying be-

tween the extreme limits of 23° 27' 30" north, and as much

south, which it attains at the solstices. It is consequently

always vertical over some part or other of that zone or belt

of the earth's surface which lies between the north and south

parallels of 23° 27' 30". These parallels are called in geo-

graphy the tropics ; the northern one th?,t of Cancer, and the

southern, of Capricorn ; because the sun, at the respective

'':s^m:
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BO denominated. Of thcrte HJgna there are twelve, each oc-

cupying 30" of its circumference. They commence at tho

vernal equinox, and arc named in order— Aries, Taurus,

Gemini, Cancer, Leo, Virgo, liibra, Scorpio, Sagittarius,

Capricornus, Aquarius, Pisces.* They arc denoted also by

the following symbols : — nr, H, n, o, SI, Ht ^» I1» /»

yf, m, X. Longitude itself is also divided into signs,

degrees, and minutes, &c. Thus 5' 27° 0' corresponds to

177'()'.

(.381.) These Si/jns arc purely technical 8uI)divi8ions of

the ecliptic, commencing from the actual equinox, and are

not to be confounded with tho constellations so called (and

sometimes so symbolized). The constellations of the zodiac,

as they now stand arranged on the ecliptic, are all a i'uU

" sit'n" in advance or anticipation of their symbolic cog-

nomena thereon marked. Thus the constellation Aries

actually occupies the sign Taurus 8, the constellation

Taurus, the sign Gemini n , and so on, the sit/ns having re-

treated f among the stars (together with the equinox their

origin), by the effect of precession. The bright star Spica in

the constellation Virgo (a Virginis), by the observations of

Ilipparchus, 128 years B.C., preceded, or was westward of the

autumnal equinox in longitude by 6°. In 1750 it followed

or stood eabtward of the same equinox by 20° 21'. Its place

then, as referred to the ecliptic at the former epoch, would be

in longitude 5' 24° 0', or in the 24th degree of the siffii Si,

whereas in the latter epoch it stood in the 2l8t degree of nji,

the equinox having retreated by 26° 21' in the interval, 1878

years, elapsed. To avoid this source of misunderstanding, tho

use of " signs" and their symbols in the reckoning of celestial

longitudes is now almost entirely abandoned, and the ordi-

nary reckoning (by degrees, &c. from to 360) adopted in

• They may be remembered by the following memorial hexameters ;—

Sunt Aries, Taurus, Gemini, Cancer, Leo, Virgo,

Libraque, Scorpius, Arcitenens, Caper, Amphora, Pisces.

t Retreated is here used with reference to longitude, not to the apparent

diurnal motion.
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its place, and the names Aries, Virgo,^&c. are becoming re

stricted to the constellations so called.*

(382.) When the sun is in either tropic, it enlightens, as

we have seen, the pole on that side the equator, and shmes

over or beyond it to the extent of 23° 27' 30". The parallels

of latitude, at th's distance from either pole, are called the

polar circles, and are distinguished from each other by the

names arctic and antarctic. The regions within these circles

are sometimes terin^d^ frigid zones, while the belt between

the tropics is called the torrid zone, and the intermediate

belts temperate zones. These last, however, are .nerely names

given for the sake of naming; as, in fact, owing to the

different distribution of land and sea in the two hemispheres,

zones of climate are not co-terminal with zones of latitude.

(383.) Our seasons are determined by the apparent pas-

sao-es of the sun across the equinoctial, and its alternate arrival

in°the northern and southern hemisphere. Were the equmox

invariable, this would happen at intervals precisely equal to

the duration of the sidereal year; but, in fact, owing to the

slow conical motion of the earth's axis described in art. 317 ,

the equinox retreats on the ecliptic, and meets the advancmg

sun somewhat before the whole sidereal circuit is completed.

The annual retreat of the equinox is 50"-l, and this arc is

described by the sun in the ecliptic in 20™ 19'-9. By so

much shorter, then, is the periodical return of our seasons

than the true sidereal revolution of the earth round the sur.

As the latter period, or sidereal year, is equal to 365'* 6'^^9'^

9»-6, it follows, then, that the former must be only 365'* 5

48m 49.-7 ; and this it what is meant by the tropical year.

(384.) We have already mentioned that the longer axis of

the ellipse described by the earth has a slow motion of 11 "-8

per annum in advance. From this it results, that when the

earth, setting out from the perihelion, has oompleted one

sidereal period, the perihelion will have moved forward by

• When, however, the place of the sun is spoken of, the old usage Prevails.

Thus if w; say "the sun is in Aries," it would be interpreted to -ea; .^^'wee.^

00 and 80° of longitude. So, also, " the first pomt of Aries' is st.ll
V"*!'"'""^

to mean the ver.ml, and « the first point of Libw," the autmnnal equmox -,
and

HO in a few other cases.

^mi
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1 1"'8, which arc must be described by the earth before it can

again reach the perihelion. In so doing, it occupies 4™ 39'"7,

and this must therefore be added to the sidereal period, to

give tlie interval between two consecutive returns to the

perihelion. This interval, then, is 365'' 6'' 13™49'-3*, and is

whatiscalled the anomalistic year. All these periods have their

uses in astronomy ; but that in which mankind in general are

most interested i? the tropical year, on which the return of the

seasons depends, and whichwe thus perceive to be a compound
phaenomonon, depending chiefly and directly on the annual

revolution of the earth round the sun, but subordinately also,

and indirectly, on its rotation round its own axis, which is

what occasions the precession of the equinoxes ; thus afford-

ing an instructive example of the way in which a motion,

once admitted in any part of our system, may be traced in

its influence on others with which at first sight it could not

possibly be supposed to have any thing to do.

(385.) As a rough consideration of the appearance of the

earth points out the general roundness of its form, and more
exact inquiry has led us first to the discovery of its elliptic

figure, and, in the further progress of refinement, to the per-

ception of minuter local deviations from that figure ; so, in

investijrnting the solar motions, the first notion we obtain

is that of an orbit, generally speaking, round, and not far from

a circle, which, on more careful and exact examination, proves

to be an ellipse of small excentricity, and described in con-

formity with certain laws, as above stated. Still minuter

enquiry, however, detects yet smaller deviations again from

this form and from these laws, of which we have a specimen

in the slow motion ©f the axis of the orbit spoken of in art.

372. ; and which are generally comprehended under the name
of perturbations and secular inequalities. Of these deviations,

and their causes, we shall speak hereafter at length. It is the

triumph of physical astronomy to have rendered a complete

account of them all, and to have left nothing unexplained,

* These numbers, as well as most of the other numerical data of our system,
are taken from Mr. Baily's Astronomical Tables and Formula.

^ll^^J^^Jl^^''""
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either in the motions of the sun or in those of any other

of the bodies of our E/stem. But the nature of this explana-

tion cannot be understood till we have developed the law of

gravitation, and carried it into its more direct consequences.

This will be the object of our three following chapters ; in

which we shall take advantage of the proximity of the moon,

and its immediate connection with and dependence on the

earth, to render it, as it were, a stepping-stone to the general

explanation of the planetary movements. We shall conclude

this by describing what is known of the physical constitution

of the sun.

(386.) When viewed through powerful telescopes, provided

with coloured glasses, to take off the heat, which would

otherwise injure our eyes, the sun is observed to have fre-

quently large and perfectly black spots upon it, surrounded

witli a kind of border, less completely dark, called a pe-

numbra. Some of these are represented at a, b, c, d, in

Plate I. fig. 2., at the end of this volume. They are, how-

ever, not permanent. When watched from day to day, or

even from hour to hour, they appear to enlarge or contract,

to change their forms, and at length to disappear altogether,

or to break out anew in parts of the surface where none

were before. In such cases of disappearance, the central

dark spot always contracts into a point, and vanishes before

the border. Occasionally they break up, or divide into two

or more, and in those cases offer every evidence of that

extreme moliility which belongs only to the fluid state, and

of that excessively violent agitation which seems only com-

patible with the atmospheric or gaseous state of matter.

The scale on which their movements take place is immense.

A single second of angular measure, as seen from the earth,

corresponds on the sun's disc to 461 miles; and a circle of

this diameter (containing therefore nearly 167000 square

miles) is the least space which can be distinctly discerned on

the sun as a visible area. Spots have been observed, however,

whose linear diameter has been upwards of 45000 miles*;

• Mayer, Obs. Mar. 15. 1758. " Ingens macula in sole conspicicbatur,

c«f|us diameter= j\j
diara. solis."
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and even, if some records are to be trusted, of very much

great r extent.* That such a spot siiould close up in six

weeks' time (for they seldom last much longer), its borders

must approach at the rate of more than 1000 miles a day.

(387.) Many other circumstances tend to corroborate this

view of the subject. The part of the sun's disc not occupied

by spots is far from uniformly bright. Its ground is finely

mottled with an appearance of minute, dark dots, or pores,

which, when attentively watched, are found to be in a con-

stant state of change. There is nothing which represents so

faithfully this appearance as the slow subsidence of some

flocculent chemical precipitates in a transparent fluid, when

viewed perpendicularly from above: so faithfully, indeed,

that it is hardly possible not to be impressed with the idea of

a luminous medium intermixed, but not confounded, with a

transparent and non-luminous atmosphere, either floating as

clouds in our air, or pervading it in vast sheets and oolumna

like flame, or the streamers of our northern lights, directed

in lines perpendicular to the surface,f

* Half the sun's disc is said in certain ancient annals to have been obscured

by spots. This is monstrous— but on at least two occasions before the inven-

tion of telescopes spots have been seen with the naked eye. M. Gautier (Bibl.

Univ. de Geneve, July and Aug. 1852) mentions as one of the largest spots on

record, that observed by Sir W. Herschel, in 177S, which he there states to have

been 470" in diameter, or I5'7 times that of the earth. I have not been able to

verify the citation. The great spot of )779 mentioned by Sir VV. H. ( I'liil.

Tr. 179.5) as having been scm with the naked eye, consisted, he says, of two

parts, the largest of whicli " measured 1' 8"-06 in diameter, which is equal in

length to more than 31000 miles." " Both together," he adds, " must certainly

have extended above 50000." This corresponds to 113" which is not a fourth

part of M. Gnutiei-'s quantity ; moreover, 470'' on the sun's disc corresponds, not

to 15-7, but to 27-3 diameters of the earth.

—

{Note added in 1858.)

t The light emanating iuimediately from the sun shows no sign of polariza-

tion whether radiating from the central or circumferential portions of its disc.

This has been addui' ! as affording a direct txperimental proof of the gaseous

nature of the si.rfjc lom which its light proceeds. It is argued that the light

emitted by incandescent solid or fluid terrestrial bodies at great obliquities to

their surfaces, is always found to be partially polarized in a plane perpendicular

to that in which the angle of emanation lies, and that consequently such cannot

be the nature of the solar surface. In former editions of this work, I have

passed this argument suit lilenHo, and should not have thought, it necessary now
to enter a piotest against its validity (resting as it does on authority of one of the

greatest names in optical science), but that I find it prominently put forward and

repeated and strongly insisted on. in recent works of conspicuous merit. (Kos-

moi, passim, especially vol. iii. pp. 47., 284., and notes 99., 483. transl; Gautier

on the Sun, BibL Uuiv. 1852; Vaughan, Rep. Brit. Assoc. 1857; Athenaium,

No. 1560, &c. &c.) The fallacy consists in the assumption that the surface

b3
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(388.) Lastly, in the neighbourhood of great spots, or ex-

tensive groups of them, large spaces of the surface are often

observed to be covered with strongly marked curved or

branching streaks, more luminous than the rest, caWedfacicla,

and among these, if not already existing, spots frequently

break out. They may, perhaps, be regarded with most pro-

bability as the ridges of immense waves in the luminous

regions of the sun's atmosphere, indicative of violent agitation

in their neighbourhood. They are most commonly, and best

seen, towards the borders of the visible disc, and their

appearance is as represented in Plate I. fig. !•

(389.) But what are the spots ? Many fanciful notions

have been broached on this subject, but only one seems to

have any degree of physical probability, viz. that they are

the dark, or at least comparatively dark, solid body of the

Bun itself, laid bare to our view by those immense fluctuations

in the luminous regions of its atmosphere, to which it appears

to be subject. Respecting the manner in which this dis-

closure takes place, different ideas again have been advocated.

Lalande (art. 3240.) suggests, that eminences in the nature

of mountains are actually laid bare, and project above the

luminous ocean, appearing black above it, while their shoal-

ino- declivities produce the penumbraj, where the luminous

fluid is less deep. A fatal objection to this theory is the

uniform shade of the penumbra and its sharp termination,

both inwards, where it joins the spot, and outwards, where

from which the light emanates at the borders of the sun is necessarily very

oblioue to the visual ray by which we see it ; which, though true of the general

surface regarded as a portion of a sphere 8B0000 miles in diameter, is not so of

each particular square foot or square inch which, not being obscured from sight

by intervening protuberances, may send out rays to reach the eye of a terres-

trial spectator. Supposing the sun to he an incandescent solid not more rough

than the earth or the moon, it is obvious that whether from the centre or from the

borders the light by which we see it must consist of a mixture of rays emer-

aent from the local surface at every possible angle of obliquity and m every

possible plane without the smallest jjreference. A luminous portion of the sun s

surface occupying the ten thousandth part of a square second, would correspond

to a sectional area of the visual beam upwards of twenty square milp- in extent,

admitting every variety of plain, precipice, slope, or rugged ground. Ihe

aenercd surface of a forest seen on the horizon is parallel to the rrathematical

horizon, but who would assert that the ray by which its extreme visible leaf is

seen, necessarily emanates from that leaf at any one obliquity or m any one

plane of emergence rather than any other?—(Note added in 18S8.)
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it borders on the bright surface. A more probable view has

been taken by Sir William Hcrschel*, who considers th(

luminous strata of the atmosphere to be sustained far above

the level of the solid body by a transparent elastic medium,

carrying on its upper surface {or rather, to avoid the former

objection, at some considerably lower level vnthin its depth) a

cloudy stratum which, being strongly illuminated from above,

reflects a considerable portion of the light to our eyes, and

forms a penumbra, while the

solid body shaded by the clouds

reflects none. (See Jig.) The

temporary removal of both the .^^^mmw l^' A
strata, but more of the upper J^^KISw a\' .#

than the lower, he supposes

effected by powerful upward

currents of the atmosphere,

arising, perhaps, from spiracles

in the body, or from local

agitations.

(389 a.) Such was the state of our knowledge of the ap-

pearance and constitutior of the solar spots at the time when

this work first issued from the press. But in 1851, a further

step towards penetrating the mystery of their nature was

made by that excellent and indefatigable observer ISIr.

Dawes, who availing himself of the ingenious contrivance

described in (art. 204 e.) has been enabled to scrutinize the

interior of the penumbrse of the spots, under high magnifying

powers, in perfect security and with all the advantage

which the absence of extratieous glare confers on the exami-

nation of feebly illuminated objects. So viewed, he has

found the blacker portions occupying the middle of the pe-

numbra, and which to former observers appeared so dark

and so uniform as to lead them to believe it to be the sun's

actual surface seen through an aperture in an exterior en-

velope—to be. Itself, only an additional and inferior stratum

of very feebly luminous (or' illuminated) matter, which he

has called " the cloudy stratum," which again in its turn is

* Phil. Trans. 1801.

b4

1
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frequently seen to be pierced with a smaller and usually

much more rounded aperture, which would seem at length

to afford a view of the real solar surface of most intense

blackness. Figs. 4. 5. PI. I., represent spots so seen on

23rd December, 1851, and 17th January, 1852. In tracing

the changes in the spots, from day to day, Mr. Dawes has

also been led to conclude, that, in many instances, they have

a movement of rotation about their own centers. This was

particularly remarkable in the spot of 17th January, which

between that date and 23rd January had revolved in its

own plane through an angle of more than 90°; the " cloudy

stratum," with its central aperture, presenting itself under

the aspect represented at b fig. 5., instead of that at a,

which it ori'^inally had, its general form remaining all the

while unchanged.

(390.) When the spots are attentively watched, their

situation on the disc of tho suii is observed to change. They

advance regularly towards its western limb or border, where

they disappear, and are replaced by others which enter at the

eastern limb, and which, pursuing their respective courses,

in their turn disappear at the western. The apparent

rapidity of this movement, is not uniform, as it would be were

the spots dark bodies passing, by. an independent motion of

their own, between the earth and the sun ; but is swiftest in

the middle of their paths across the disc, and very slow at its

borders. This is precisely what would be the case supposing

them to appertain to and make part of the visible surface of

the sun's globe, and to be carried round by a uniform rota-

tion of that globe on its axis, so that each spot should de-

scribe a circle parallel to the sun's equator, rendered elliptic

by the effect of perspective. Their apparent paths also

across the disc conform to this view of their nature, being,

generally speaking, ellipses, much elongated, concentric with

the sun's disc, each having one of its chords for its longer

axis, and all these axes parallel to each other. At two

periods of tlie year only do the spots appear to describe

straight lines, viz. on and near to the 11th of June and 12th

of December, on which days, therefore, the plane of the
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circle, which a spot situated on the sun's equator describes

(anci consequently, the plane of that equator itself), passes

through the earth. Hence it is obvious, that the plane of

the sun's equator is inclined to that of the ecliptic, and

intersects it in a line which passes through the place of the

earth on these days. The situation of this line, or the line

of the nodes of the sun's equator as it is called, is, therefore,

defined by the longitudes of the earth as seen from the sun

at those epochs, which are respectively 80° 21' and 260° 21'

(= 80° 21' + 180°) being, of course, diametrically opposite

in direction.

(391.) The inclination of the sun's axis (that of the plane

of its equator) to the ecliptic is determined 'oy ascertaining

the proportion of the longer and the shorter diameter of the

apparent ellipse described by any remarkable, well-defined

spot; in order to do which, its apparent place on the sun's disc

must be very precisely ascertained by micrometric measures,

repeated from day to day as long as it continues visible,

(usually about 12 or 13 days, according to the magnitude of

the spots, which always vanish by the effect of foreshortening

before they attain the actual border of the disc— but the

larger spots being traceable closer to the limb than the

smaller.*) The reduction of such observations, or the con-

clusion from them of the element in question, is complicated

with the eiFect of the earth's motion in the intei val of -the

observations, and with its situation in the ecliptic, with respect

to the line of nodes. For simplicity, we will suppose the

earth situated as it is on the 10th of March, in a line at

right .'jif'^ies to that oC the nodes, i. e. in the heliocentric

longitude J ru'21', and to remain there stationary during the

whole passage oi ^ spot acioss the disc. In this case the axis

of rotation of t\ e sun will be situated in a plane passing

through the earth and at right angles to the plane ot the

ecliptic. Suppose C to represent the sun's centre, P C/> its

axis, EC the line of sight, PNQA;jS a section of the sun

passing through the earth, and Q a spot situated on its

• The great spot of December, 1719, is stated to have been seen as a notch
in the limb of the sun.

'H^*!3-fira»»^.!W«™tJ??i»^ '
'
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equator, and in that plane, and consequently in the middle of

its apparent path across the disc. If the axis of rotation

were perpendicular to the ecliptic, as N S, this spot would be

at A, and would be seen projected on C, the centre of the sun.

It is actually at Q, projected upon D, at an apparent distance

CD to the north of the centre, which is the apparent smaller

'serai-axis of the ellipse described by the spot, which being

C D
knownbymicrometricmeasurement, the value of pq^ or the

cosine of QC N, the inclination of the sun's equator becomes

known, C N being the apparent semi-diameter of the sun at

that time. At this epoch, moreover, the northern half of the

circle described by the spot is visible (the southern passing

behind the body of the sun), and the south pole;? of the sun is

within the visible hemisphere. This is the case in the whole

interval from December 11th to July 12th, during which the

visual ray falls upon the southern side of the sun's equator.

The contrary happens in the other half year, from July 12 th

to Deceniber 11th, and this is what is understood when we say

that the ascending node (I'enoted R ) of the sun's equator lies

in 80° 21' longitude— a spot on the equator passing that

node being then in the act of ascending from the southern to

the northern side of the plane of the ecliptic— such being

the conventional language of astronomers in speaking of

these matters.

•^^mttmaifHUa
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(.T92.) If the observations arc made at other seasons (which,

however, are the less favourable for this purpose the more

remote they are from the epochs here assigned); when,

moreover, as in strictness is necessary, the motion of the

e^Tth in the interval of the measures is allowed for (as for a

ch^.nge of the point of sight) ; the calculations requisite to

deduce the situation of the axis in space, and the duration of

the revolution around it, become much more intricate, and it

would be beyond the scope of this work to enter into them.*

According to the best determinations wc possess, the inclina-

tion of the sun's equator to the ecliptic is about 7° 20' (its

nodes being as above stated), and the period of rotation 25

days 7 hours 48 minutes.t

(393.) The region of the spots is confined, generally spcak-

mg, within about 25° on either side of the sun's equator;

beyond 30° they are very rarely seen : in the polar regions,

never. The actual equator of the sun is also less frequently

visited by spots than the adjacent zones on either side, and a

very material difference in their frequency and magnitude

subsists in its northern and southern hemisphere, those on the

northern preponderating in both respects. The zone com-

prised between the 11th and 15th degree to the northward of

the equator is particularly fertile in large and durable spots.

These circumstances, as well as the frequent occurrence of

a more or less regular arrangement of the spots, when nu-

merous, in the manner of belts parallel to the equator, point

evidently to physical peculiarities in certain parts of the

sun's body more favourable than in others to the production

of the spots, on the one hand ; and on the other, to a general

influence of its rotation on its axis as a determining cause of

their distribution and arrangement, and would appear indi-

cative of a system of movertienta in tlie fluids which con-

• See the theory in Lalande's Astronomy, art. 3258., and tlie tbrmuloB of
computation in a paper by Petersen, Schumacher's Nachrichten, No. 419.

•f
Bianchi (Schumacher's Nach., 483.), agreeing with Laugier. Delambre

makes it 25* 0" 17"; Petersen, •2,5'' 4" SO"; Schwabe, 25" 12" 10» ( Poggendorff,
vol. 85. 1852.) The inclination of the axis is uncertain to half a degree, and
the node to several degrees. The continual changes in the spots themselves
cause tliis uncertainty.

'-
] 11
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Btitiite its luminoiH surface bearing no remote analogy to

our trade winds — from whatever ciiuse arising. (See art.

239. et aeq.)

(394.) The duration f> ind'vidual spots is commonly not

great; some a"c formed md ippear within the limit of a

single trnnwit across the disc- out sv h are for the m .^t

part small and iusignifu nnt. ]• requently they make one or

two revolutions, being rr< oifnized at tin ir reappearance by

their situation with respect to the equator, their configurations

inter se, their size, or other peculiarities, as well us by the in-

terval elapsing between their disappear ..ce at.one liipb ii,= 1

reappearance on the other. In a few r re cases, how. - r.

they have been watched rounn mn'n- revolutions. The great

spot of 1779 appeared during six iiiontli3, and one and the

same fjroupe was observed in 1840 by Schwabe to roMiru

eight times.* It has been niirmised, with considerable appa-

rent probability, that some spu..^, at ist, are gi- orated agal,

and again, at distant intervals of time, ovfir the le identical

points of the sun's body (as hurricanes, (o. , are known

to affect given localities on the earth's sun j, and to pursue

definite tracks). The uncertainty which b.Jl prevails with

respect to the exact duration of its lu, .tio" renders it very

difficult to obtain convincing evidence of this ; nor, indeed,

can it be expected, until by bringing together into one con-

nected view the recorded state of the sun's surface during a

very long period of time, and comparing together remarkable

spots which have appeared on the same parallel, some precise

periodic time shall be found which shall exactly conciliate

numerous and well-characterized appearances. The inquiry

is one of singular interest, as there can be no reasonable

doubt that the supply of light and heat afforded to our globe

stands in intimate connexion with those processes which are

taking place on the solar surface, and to which the spots in

some way or other owe their origin.

(394 a.) Meanwhile M. Schwabe, of Dessau, by compar-

* Sflium. Nach. No. 418. p. 150. Tlio recent papers of Biela, Capocci,

Schwabe, Pastorff and Sclimidt, in that colleclion, will be found liigUl>

interesting.
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ing together the record;^ general state of the sun'ti

tirfhcc in reapect of th. re and paiicity of wpota

l)ited by it from 1826 'O, has been led to a highly

reiiiarkable conclusion, viz. their degree of copiousncsa

5;^ Mubjcct to a law of pcriotlicity ; alternate minima and

maxima recurring at nearly equal intervals. The interval

from minimum to mininumi, as well as could be ascertained

from the moderate interval embraced by the observations

compared was provisionally estimated by M. Schwabe at

about ten years. More recently, M. Wolf, of Berne*, from a

careful assembin; and i. '^iission of all the recorded obser-

vations of spots whieli

tclcscoi)ic discovi ry

the prosient time, \

has fixed upon the

to minimum, of 1

pcrioils per century

,

' be collected from their first

ius and Harriot, in 1610) to

confirming their periodicity,

longer i)eriod, from mininuua

being exactly at the rate of nine

,e last year of each century (1700,

1800, &c.) brsing a year of minimum. In the minima there

is for the most part un extreme paucity, and sometimes an

entire absence of spots.f The maxima (in which they are

often so copious that 50 or 100 have been counted at once

on the disc) do not appear to fall exactly in the middle year

between the minima, but rather earlier, about the fifth year

of the period. What is extremely remarkable, and must

certainly be received as strongly corroborative, both of tlie

general fact of periodicity and of the correctness of M.
Wolf's period, is, that we find recorded in history by chroni-

clers and annalists on several occasions before the invention

of telescopes, the appearance of spots, or groups of spots, so

considerable as to have become matter of vulgar observation,

as for instance in the years a.d. 807, 840, 1096, and 1607 |,

and several others In which, though no spots are recorded, a

great deficiency in the sun's light has been remarked. Thus

in the annals of the year a.d. 536, the sun is said to have

suffered a gr at diminution of light, which continued fourteen

• Rudoli , olf. Transactions of Society of Nat. Phil. Berne. 1852.

t As in lajG.

\ Thoso spots were taken for planets scon on the sun ; that of 840 for

Viimis ; those of 807 and 1607 for Mercury.

r
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h

months. From October, a.d. 020, to tlio following .Tunc, a

dot'alciition of liglit to the extent of onc-hiilf is recorded ; and

in A.D. 1547, diirinp three days, the sun is said to havcbcea

eo darkened that stars were seen in the day-time. N' w of

all these inatancoH, supposing them all to have been oa 'igto

spots, either unusually large or numerous, there aw only

two, those of A.D. 807 and 1007, which deviate so much aa

two ycai-s from the epochs of maximum fixed a.-, above.

(394 b.) Sir W. Ilerschel (Ph. Tr. 1801), considering the

appearance of abundant spots on the sun's disc as evidence

of an agitated state of its gaseous envelope, and regarding

the extrication of light and heat as the results of chemical

processes likely to be promoted by the more intimate mix-

ture of heterogeneous materials having mutual affinities, has

attempted to show, though from very imperfect records (such

as alone could be procured by him at that date) that years

of remarkably abundant or deficient spots have been also

remarkable respectively for their high or low general tempe-

rature, and especially for abundant and deficient harvests.

The point has been inquired into by M. Gautier*, who from

an assemblage of meteorological averages obtained in thirty-

three stations in Europe,and twenty-nine in America during

eleven years of observation, finds a trifling preponderance

(0°'ll Fahr.) in the opposite direction. On the other hand
M. Wolf, ii the memoir above cited, from an examination of

the Chronicles of Zurich from the year A.D, 1000 to a.d. 1800,

is led to a conclusion in accordance with this speculation,

and considers them aa affording decisive evidence " that years

rich in solar spots are in general drier and more fruitful

than those of an opposite character, while the latter are

wetter and more stormy than the former."

(394 c.) Although more properly belonging to the domain
of general physics than of astronomy, it is impossible to

omit mentioning here the singular coincidence of this period

of the recurrence of the solar spots with that of those great

disturbances in the magnetic system of the earth to which
the epithet of " magnetic storms" hjis been aflSxed. These

* Bibl. Univ. de Geneve. 184-1,
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EXTERIOR ATMOSPHERE Ol THE SUN. 255

disturbances, during which the magnetic needle ia greatly

and universally agitated (not in a particular limited locality,

but at one and the same instant of time over whole conti-

nents, or even over the whole earth), are found, so far as

observation has hitherto extended, to maintain a parallel both

in respect of their frequency of occurrence and intensity in

successive years with the abundance and magnitude of the

spots in the same years, too close to be regarded as fortuit-

ous. The coincidence of the epochs of maxima and minima

in the two series of phenomena amounts indeed to identity,

a fact evidently of most important significance, but which

neither astronomical nor magnetic science is yet sufficiently

advanced to interpret.

(395.) Above the luminous surface of the sun, and the

region in which the spots reside, there are strong indications

of the existence, of a gaseous atmosphere having a somewhat

imperfect transparency. When the whole disc of the sun is

seen at once through a telescope magnifying moderately

enough to allow it, and with a darkening glass such as to

suffer it to be contemplated with perfect comfortj it is very

evident that the borders of the disc are much less luminous

than the center. That this is no illusion is shown by project-

ing the sun's image undarkened and moderately magnified,

so as to occupy a circle two or three inches in diameter, on a

sheet of white paper, taking care to have it well in focus,

when the same appearance will be observed.* This can only

arise from the circumferential rays having undergone the

absorptive action of a much greater thickness of some imper-

fectly transparent envelope (due to greater obliquity of their

passage through it) than the central.—But a still more con-

vincing and indeed decisive evidence is offered by the phaeno-

¥m

* This has been denied by Arago on the evidence of certain phsnomcna ob-
served with his " poluriscope ;

" but the ."act is so palpable, thc^t it is matter of
some asstonishnient that it could ever fail to strike the most superficial observer.

The mbtter has Iwen placed beyond a doubt, however, by direct experiments
both photometric and thermic. The details of the latter by Sig. Secchi will be
found ip Astrcn. Nashr. Nos. 806. 833, and go to prove that the calorific radia-
tion of the center of the sun's disc is nearly double of that from its borders, and
that the equatorial regions are somewhat hotter than the polar (Comptes Ren-
du? Aug. 26th, 1852)

—

{Note added 1858.)
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mena attending a total eclipse of the sun. Such eclipses

(as will be shown hereafter) are produced by the interposition

of the dark body of the moon between the earth and sun,

the moon being large enough to cover and sur^ iss, by a

very small breadth, the whole disc of the sun. Now when

this takes place, were there no vaporous atmosphere capable

of reflecting any light about the sun, the sky ought to appear

totally dark, since (as will hereafter abundantly appear) there

is not the smallest reason for believing the moon to have any

atmosphere capable of doing so. So far, however, is this

from being the case, that a bright ring or corona of light is

seen, fading gradually awr^y, as represented in PI. I. fig. 3.,

which (in cases where the moon is not centrally superposed

on the sun) is observed to be concentric with the latter, not

the former body. This corona was beautifully seen in the

eclipse of July 7. 1842, and .vith this most remarkable

addition— witnessed by every spectator in Pavia, Milan,

Vienna, and elsewhere : three distinct and very conspicuous

rose-colourtd piotuberances (as represented in the figure cited)

were seen to project beyond the dark limb of the moon,

likened by some to flames, by others to mountains, but which

their enormous magnitude (for to have been seen at all by

the naked eye their height must have exceeded 40,000 miles),

and their faint degree of illumination, clearly prove to have

been cloudy masses of the most excessive tenuity, and which

doubtless owed their support, and probably their existence, to

such an atmosphere as we are now speaking of. In the

total eclipse of July 28. 1851, similar rose-coloured protu-

berances were observed, one in particular of a form quite

decisive as to their cloudy nature, rising straight up verti-

cally from the edge of the disc, and then suddenly turning

off at a right angle (as in the annexed figure) which repre-

;
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suddenly turning

re) which repre-

sents the appearance as seen by Prof. Schmidt, at Rasten-
burg, just as a column of smoke rising in calm air is often

seen to be drifted off horizontally when it has attained

such a height as to bring it into an upper current of wind.
To complete the resemblance, a detached and perfectly in-

sulated mass B of the same rosy colour was observed at some
distance from the drifted train A, which was connected with
another mass C, by a narrow red band or streak D.

(395 a.) The existence of such an atmosphere superior to

the luminous envelope being admitted, affords an easy ex-
planation of the faculse, considered as vast waves in the pho-
tosphere (art. 388.). In an atmosphere consisting of strata

gradually decreasing in density, any cause of undulation
acting on the inferior strata will throw them up to a vastly

greater height, and therefore produce far greater waves in

them than would arise from the same cause acting on the

surface of a definite ocean of liquid matter, by reason of

their being partially sustained against gravity, leaving their

inertia free to carry them up i..: ^ higher level. The experi-

ment is easily tried in oil floating on water, or in saline

solutions increasing in density downwards^ and is at once
amusing and instructive.

(396.) Tl. vt the temperature at the visible surface of the

sun cannot be otherwise than very elevated, much more so

than any artificial heat produced, in our furnaces, or by che-

mical or galvanic processes, we have indications of several

distinct kinds : 1st, From the law of decrease of radiant heat

and light,which,being inversely asthe squares of the distances,

it follows, that the heat received on a given area exposed at

the distance of the earth, and on an equal area at the visible

surface of the sun, must be in the proportion of the area of

the sky occupied by the sun's apparent disc to the whole
hemisphere, or as 1 to about 300000. A far less intensity of

solar radiation, collected in the focus of a burning glass, suf-

fices to dissipate gold and platina in vapour. 2dly, From the

facility' with which the calorific rays of the sun traverse glass,

a property which is found to belong to the heat of artificial

8
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fires in the direct proportion of their intensity.* 3dly, From

the fact, that the most vivid flames disappear, and the most

intensely ignited solids appear only as black spots on the disc

of the sun when held between it and the eyef From the

last remark it follows, that the body of the sun, however dark

it may appear when seen through its spots, may, nevertheless,

be in a state of most intense ignition. It does not, however,

follow of necessity that it must be so. The contrary is at

least physically possible. A perfectly rifiective canopy would

efFectually defend it from the radiation of the luminous regions

above its atmosphere, and no heat would be conducted down-

wards through a gaseous medium increasing rapidly in density.

That the penumbral clouds are highly reflective, the fact of

their visibility in such a situation can leave no doubt

(397.) As the magnitude of the sun has been measured,

and (as we shall hereafter see) its weight, or quantity of pon-

derable matter, ascertained, so also attempts have been made,

and not wholly without success, from the heat actually com-

municated by its rays to given surfaces of material bodies

exposed to their vertical action on the earth's surface, to esti-

mate the total expenditure of heat by that luminary in a given

time. The result of such experiments has been thus an-

nounced. Supposing a cylinder of ice 45 miles in diameter, to

be continually darted into the sun with the velocity of light, and

that the water produced by its fusion were continually carried

off, the heat now given off constantly by radiation would then

be wholly expended in its liquefaction, on the one hand, so as

to leave no radiant surplus ; while on the other, the actual

temperature at its surface would undergo no diminution.^

• By direct measurement with the actinomaer, I find that out of 1000

calorific solar rays, 816 penetrate a sheet of pkte glass 01 'i inch thick; and

that of 1000 rays which have passed through one such plate, 859 are capable

of passing through another. H. 1827.

•f
The ball of ignited quicklime, in Lieutenant Drummond's oxy-hydrogen

lamp, gives the nearest imitation of the solar splendour which has yet been

produced. The appearance of this against the sun was, however, as described

in an imperfect trial at which I was present. The experiment ought to be

repeated und' r favourable circumstances Note to the ed. o/ 1833. According

to the more recent experiments of Messrs. Fizeau and Foucault, the intensity

of the light at the surface of Drummond's lime-ball is only one- 146th part of

that at the surface of the sunl— (iVo/e added 1858.)

\ " Results of Astronomical Observations at the Cape of Good Hope," p. 444.
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(397 a.) Another mode of expressing the heat generated

and radiated off from the sun'a surface, well calculated to im-

press ua with an overwhelming idea of the tremendous ener-

gies there constantly m action, is that employed by Pro-

fessor Thomson, who estimates the dynamical effect which

would be produced in our manufactories by a consumption of

fuel competent to evolve the heat given out by each individual

square yard of that surface, at 63000 horse-power, to main-

tain which would require the combustion of 13500 pounds

of coal per hour.*

(398.) This immense escape of heat by radiation, we may
remark, will fully explain the constant state of tumultuous

agitation in which the fluids composing the visible surface are

maintained,. and the continual generation and filling in of the

pores, without having recourse to internal causes. The mode

uf action here alluded to is perfectly represented to the eye

in the disturbed subsidence of a precipit .te, as described in

art. 387., when the fluid from v,'hich it subsides is warm, and

losing heat from its surface.

(399.) The sun's rays are the ultimate source of almost

every motion which takes place on the surface of the earth.

By its heat are produced all winds, and those disturbances in

the electric equilibrium of the atmosphere which give ri;:e to

the phsenomena of lightning, and probably also to those of

terrestrialmagnetism and the aurora. By their vivifying action

vegetables are enabled to draw support from inorganic matter.

* See Trans. R. S. Edin. xxi. p. 69. " On the Mechanical Energies of the

Solar System," by W. Thomson, Es(j., Prof Nat. Phil., Glasgow. The Pro-

fessor grounds this estimate on M. Pouillet's determination of the amount of

solar radiation and Mr. Joule's estimate of the mechanical equivalent of a cen-

ti^ade thermal unit. The author of this work found at the Cape of Good
Hope, by experiments made on six summer days, from December 23rd, 1836',

to January 9th, 1837, the sun being nearly vertical in each experiment, that

in that latitude at midsummer, at noon, and at 140 feet abov<i the sea level,

the solar radiation is competent to melt an inch in thickness from a sheet of

ice exposed perpendicularly to its rays (if wholly so employed) in 'J?'. 12*°.

42'. Estimating the heat absorbed in traversing our atmosphere at one-third of

the total (juantity incident on it, this gives, all reductions made, 43-39 feet in

inickne'ss of ice per minute melted at the sun's surface. M. Pouillet's experi-

ments (made in June, 1837), give 1 1 -80 metres or 38-7 feet per minute. Forty

feet may therefore be taken as a probable mean, aud flrom this the r||iult in (art.

397. ) is calculated.

I 9
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and become, in their turn, the support of animals and of man,

and the sources of those great deposits of dynamical efficiency

which are laid up for human use in our coal strata.* By them

the waters of the sea are made to circulate in vapour through

the air,and irrigate the land, producing springs and rivers. By

them are produced all disturbances of thechemical equilibrium

of the elements of nature, which, by a series of compositions

and decompositions, give rise to new products, and originate

a transfer of materials. Even the slow degradation of the

solid constituents of the surface, in which its chief geological

changes consist, is almost entirely due, on the one hand, to the

abrasion of wind and rain, and the alternation of heat and

frost ; on the other, to the continual beating of the sea waves,

agitated by winds, the results of solar radiation. Tidal action

(Usclf partly due to the sun's agency) exercises here a com-

paratively slight influence. The effect of oceanic currents

(mainly originating in that influence),though slight in abrasion,

is powerful in diffusing and transporting the matter abraded;

and when we consider the immense transfer of matter so pro-

duced, the increase of pressure over large spaces in the bed

of the ocean, and diminution over corresponding portions of

the land, we are not at a loss to perceive how the elastic

power of subterranean fires, thus repressed on the one hand

and relieved on the other, may break forth in points where the

• resistance is barely adequate to their retention, and thus bring

the phsenomena of even volcanic activity under the general

law of solar influence.f

(400.) The great mystery, however, is to conceive how so

enormous a conflagration (if such it bo) can be kept up.

Every discovery in chemical science here leaves us completely

at a loss, or rather, seems to remove farther the prospect *of

probable explanation. If conjecture might be hazarded, we

should look rather to the known possibility of an indefinite

generation of heat by friction, or to its excitement by the

electric discharge, than to any actual combustion ofponderable

• So in the edition of 1833. f So in the edition of 1833.

1
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rnOBAIlLE OniGIN of SOLAll nADIATION.

fuel, whether solid or gaseous, for the origin of the solar

radiation.*

•
• Electricity traversing eiccuslvely rarefied air or vapours gives out liglit,

and, doubtless, also heat. May not a continual current of electric matter be
constantly circulating in the sun's immediate neighbourhood, or traversing the
planetary spaces, and exciting, in the upper regions of its atmosphere, those
phoinomena of which, on however diminutive a scale, we have yet an unequivocal
manifestation in our aurora borealis. The possible analogy of the solar light
to that of the aurora has been distinctly insisted on by the late Sir W. Herschel,m his paper already cited. It would be a highly curious subject of experi-
mental enquiry, how fur a mere reduplication of sheets of flame, at a distance
one behind the other (by which their tight might be brought to any required
intensity), would communicate to the heat of the resulting compound ray the
penetrating character which distinguishes the solar calorific rays. We may also
observe that the tranquillity of the sun's polar, as compared with its equatorial
regions (jf its spots be really atmospheric), cannot be accounted for by its ro-
tation on its axis only, but miut arise from some cause external to the luniinnui
Burface of the sun, as we see the belts of Jupiter and Saturn, and our trade-
winds, arise from a cause external to these planets, combining itself with their
rotation which abne can produce no motions when once the form of equilibrium
is attained.

The prismatic analysis of the solar beam exhibits in the spectrum a scries of
"fixed lines," totally unlike those which belong to the light of any known ter-
restrial flame. This may hereafter lead us to a clearer insight into its origin.
Hut, before we can draw any conclusions from such an indication, we must
recollect, that previous to reaching us it has undergone the whole absorptive
action of our atmosphere, as well as of the sun's. Of the latter we know no-
thing, and may conjecture every thing ; but of the blue colour of the former we
are sure ; and if this be an inherent («. e. an al)sorptive) colour, the air must bo
expected to act on tlie spectrum after the analogy of other coloured media, which
often (and enpecially light blue media) leave uiiabsorbed portions separated by
dark intervals. It deserves enquiry, therefore, whether some or all the fixed
lines observed by Wollaston and Fraunhofer may not have their origin in our
own atmosphere. Experiments made on lofty mountains, or the cars of bal-
loons, on the one hand, and on the other with reflected beams which have been
made to traverse several miles of additional air near tha surface, would decide
this point The absorptive effect of the sun's atmosphere, and possibly also of
the medium surrounding it (whatever it be) which resists the motions of comets,
cannot be thus eliminated.— Note to the edition of 1833. The idea of referring
the origin of the solar heat to friction has been worked out into an elaborate
theory by Prof. Thomson, in his paper already cited, of which scaie account will
be given in a more advanced portion of this work. (1858.)

Note ok Art. (394 c.)— The year 1856 was remarkable fot the absence of
spots in the sun (in exact accordance with Wolfs period); during 1857 the
phase of increased activity came on; and the present year (1858) is ushered in
with a magnificent display of spots in the sun's southern hemisphere (Not
added Jan. 4. 1856.)
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CHAPTER VII.

OF THE MOON ITS SIDEREAL PERIOD.— ITS APPARENT DIAMETER.

— ITS PARALLAX DISTANCE, AND REAL DIAMETER — FIRST

APPROXIMATION TO ITS ORBIT.— AN ELLIPSE ABOUT THE EARTH

IN THE FOCUS. — ITS EXCENTRICITY AND INCLINATION MOTION

OF ITS NODES AND APSIDES. — OF OCCULTATION8 AND SOLAR

ECLIPSES GENERALLY. LIMITS WITHIN WHICH THEY ARE POS-

SIBLE. — THEY PROVE THE MOON TO BE AN OPAQUE SOLID ITS

LIGHT DERIVED FROM THE SUN. — ITS PHASES. SYNODIC RE-

VOLUTION OR LUNAR MONTH.— HARVEST MOON OF ECLIPSES

MORE PARTICULARLY. THEIR PHiENOMENA.—THEIR PERIODICAL

RECURRENCE.— PHYSICAL CONSTITUTION £)F THE MOON. ITS

MOUNTAINS AND OTHER SUPERFICUL FEATURES. - INDICATIONS

OP FORMER VOLCANIC ACTIVITY ITS ATMOSPHERE. CLIMATE.

RADIATION OP HEAT FROM ITS SURFACE.— ROTATION ON ITS

OWN AXIS. — LIBRATION. — APPEARANCE OP THE EARTH FROM

IT. PROBABLE ELONGATION OK THE MOON's FIGURE IN THE

DIRECTION OF THE EARTH ITS IIABITABILITY NOT IMPOSSIBLE.

—CHARTS, MODELS, AND PHOTOGRAPHS OF ITS SURFACE.

(401.) The moon, like the sun, appears to advance among

the stars with a movement contrary to the general diurnal

motion of the heavens, but much more rapid, so as to be

very readily perceived (as we have before observed) by a

few hours' cursory attention on any moonlight night. By
this continual advance, which, though sometimes quicker,

sometimes slower, is never intermitted or reversed, it makes

the tour of the heavens in a mean or average period of 27*

yh 43m 1 j>.5^ returning, in that time, to a position anifxig

the stars nearly coincident with that it had before, and which

would be exactly so, but for reasons presently to be stated.

(402.) The moon, then, like the sun, apparently describes

an orbit round the earth, and this orbit cannot be very

different from a circle, because the apparent angular diameter

of the full moon is not liable to any great extent of variation.

(403.) The distance of the moon from the earth is con-
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e earth is con-

cluded from its horizontal parallax, which may be found

cither directly, by observations at remote geographical stii-

tionw, exactly similar to those described in art. 355., in tlu!

case of the sun, or by means of the phronomena called occul-

tatloiis, from which also its apparent diameter is most rea-

dily and correctly found. From such observations it re-

sults that the mean or average value of the moon's horizon-

tal parallax is 57'2"*325 *, and the mean distance of the center

of the moon from that of the earth is 60-255 of the earth's

equatorial radii, or about 238793 miles, taking with Mr.

Adams 57' 2"*325 for the mean horizontal parallax. Tiiis

distance, great as it is, is little more than one-fourth of the

diameter of the sun's body, so that the globe of the sun

would nearly twice include the whole orbit of the moon

;

a consideration wonderfully calculated to raise our ideas of

that stupendous luminary I

(404.) The distance of the moon's center from an observer

at any station on the earth's surface, compared with its

apparent angular diameter as measured from that station, will

give its real or liuoar diameter. Now, the former distance

is easily calculated when the distance from the earth's center

is known, and the apparent zenith distance of the moon also

determined by observation ; for if we turn to the figure of

art. 339., and suppose S the moon, A the station, and C the

earth's center, the distance S C, and the earth's radius C A,

two sides of the triangle A C S are given, and the angle

CAS, which is the supplement of Z A S, the observed

zenith distance, whence it is easy to find A S, the moon's

distance from A. From such observations and calculations

it results, that the real diameter of the moon is 2160 miles,

or about 0*2729 of that of the earth, whence it follows that,

the bulk of • latter being considered aa 1, that of the

former will h& J'0204, or about -^. The difference of the

apparent diameter of the moon, as seen from the earth's cen-

ter and from any point of its surface, is technically called the

augmentation of the apparent diameter, and its maximum

• This result, recently arrived at by Mr. Adams, coincides almost precisely

with that assigned by Henderson, viz. ST 2"-31.

s 4
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occurs when the moon is in the zenith of the spectator. Hor

moan angular diameter, as seen from the center, is 31' 7",

and ia always= 0*545 x hor horizontal parallax.

(405.) By a scries of observations, such as described in

nrt. 403., if continued during one or more revolutions of the

moon, its real distance may bo ascertained at ever;- noint of

its orbit; and if at the same time its apparent places in (he

heavens be observed, and reduced by means of its parallax

to the earth's center, their angular intervals will become

known, so that the path of the moon may then 1 laid down

on a chart supposed to represent the plane in which its orbit

lies, just as was explained in the case of the solar ellipse

(art. 349.). Now, when this is done, it is found that, neg-

lecting certain small, though very perceptible deviations of

which a satisfactory account will hereafter bo rendered, the

form of the apparent orbit, like that of the sun, is elliptic,

but considerably more eccentric, the eccentricity amounting

to 0*05484 of the mean distance, or the major semi-axis of the

ellipse, and the earth's center being situated in its focus.

(406.) The plane in which this orbit lies is not the ecliptic,

however, but is inclined to it at an angle of 5° 8' 48", which

is called the inclination of the lunar orbit, and intersects it in

two opposite points, which are called its nodes— the ascend-

ing node being that in which the moon passes from the

Bouthern side of the ecliptic to the northern, and the descend-

ing the reverse. The points of the orbit at which the moon

is nearest to, and farthest from, the earth, are called respec-

tively its perigee and apogee, and the line joining them and

the earth the line of apsides.

(407.) There are, however, several remarkable circum-

stances which interrupt the closeness of the analogy, which

cannot fail to strike the reader, between the motion of the

moon around the earth, and of the earth around the sun. In

the latter case, the ellipse described remains, during a great

many revolutions, unaltered in its position and dimensions

;

or, at least, the changes which it undergoes are not percep-

tible but in a course of very nice observations, which have

disclosed, it is true, the exifltence of " perturbations," but of
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80 minute an order, that, in ordinaiy parlonco, and for

common purposes, wo may leave them unconsidered. But
this cannot be done in the case of the moon. Even in a

single revolution, itb deviation from a perfect ellipse is very

bonsible. It docs not return to the same exact position

among the stars from which it set out, thereby indicating a

continual chan(;e in the plane of its orbit. And, in effect,

if we trace by observation, from month to nnonth, the point

where it traverses the ecliptic, we shall fir.d that the nodes

of its orbit are in iv continual state of retreat upon the ecliptic.

Suppose O to be t\io earth, ond A i d that portion of the

plane of the ecliptic which ia intersected by the moon, in its

alternate passages through it, from south to north, and vice

versd ; and let A B C D E F be a portion of the moon's

orbit, embracing a complete sidereal revolution. Suppose it

to set out from the asc( ndiug node,

A; then, if the orbit lay all in

one plane, passing through O, it

would have a, the opposite point

in the ecliptic, for its descending

node ; after passing which, it would

again ancend at A. But, in fact,

its real path carried it not to a, but along a certoin curve,

A B C, to C, a point in the ecliptic less than 180° distant

from A; so that the angle A O C, or the arc of longi-

tude described between the ascending and the descending

node, is somewhat less than 180°. It then pursues its

course below the ecliptic, aloug the curve C D E, and

rises again above it, not at the point c, diametrically opposite

to C, but at a point E, less advanced in longitud*' On the

whole, then, the arc described in longitude between two
consecutive passages from south to north, through the plane

of the ecliptic, falls short of 360° by the angle A O E ; or,

in other words, the ascending node appears to have retreated

in one lunation on the plane of the ecliptic by that amount.

To cdmplete a sidereal revolution, then, it must still go on to

describe an arc, E F, on its orbit, which will no longer.
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however, bring it exactly back to A, but to a point some-

what above it, or having north latitude.

(408.) The actual amount of this retreat of the moon's

node is about 3' 10"-64 per diem, on an average, and in a

period of 6793*39 mean solar days, or about 18'6 years, the

ascending node is carried round in a direction contrary to the

moon's motion in its orbit (or from east to west) over a whole

circumference of the ecliptic. Of course, in the middle of

this period the position of the orbit must have been precisely

reversed from what it was at the beginning. Its apparent

path, then, will lie among totally different stars and con-

stel'ations at different parts of this period; and this kind of

spiral revolution being sontinually kept up, it will, at one

time or other, cover with its disc every point of the heavens

within that limit of latitude or distance from the ecliptic

which its inclination permits ; that is to say, a belt or zone

of the heavens, of 10° 18' in breadth, having the ecliptic for

its middle line. Nevertheless, it still remains true that the

actual place of the moon, in consequence of this motion,

deviates in a single revolution very little from what it ,vould

be were the nodes at rest. Supposing the moon to set out

fron its node A, its latitude, when it comes to F, having

completed a revolution in longitude, will not exceed 8';

which, though small in a single revolution, accumulates in its

effect in a succession of many : it is to account for, and re-

present geometrically, this deviation, that the motion of the

nodti is devised.

(409.) The moon's orbit, then, is not, strickly 8pea,king, an

ellipse returning into itself, by reason of the variation of

the plane in which it lies, and the motion of its nodes. But

even laying aside this consideration, the axis of the ellipse

is itself constantly changing its direction in space, as has

been already stated of the solar ellipse, but much more

rapidly ; making a complete revolution, in the same direction

with the moon's own motion, in 3232-5753 mean solar days,

or about nine years, being about 3° of angular motion in a

whole revolution of the moon. This is the phaenomenon known

by the name of the revolution of the moon's apsides. Its
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cause will be hereafter explained. Its immediate eficct is

to produce a variation in the moon's distance from the earth,

which is not included in the laws of exact elliptic motion.

In a single revolution of the moon, this variation of distance is

trifling ; but in the course of many it becomes considerable, as

is easily seen, if we consider that in four years and a half the

position of the axis will be completely reversed, and the apo-

gee of the moon will occur where the perigee occurred before.

(410.) The best way to form a distinct conception of the

moon's motion is to regard it as describing an ellipse about

the earth in the focus, and, at the same time, to regard this

eUipse itself to be in a twofold state of revolution ; 1st, in its

own plane, by a continual advance of its axis in that plane
;

and 2dly, by a continual tilting motion of the plane itself,

exactly similar to, 1 much more rapid than, that of the

earth's equator produced by the conical motion of its axis,

described in art 317.

(411.) As the moon is at a very moderate distance from

us (astronomically speaking), and is in fact our nearest

neighbour, while the sun and stars are in comparison immensely

beyond it, it must of necessity happen, that at one time or

other it must pass over and occult or eclipse every star and

planet within the zone above described (and, as seen from the

surface of earth, even somewhat beyond it, by reason of

parallax, which may throw it apparently nearly a degree

either way from its place as seen from the centre, according

to the observer's station). Nor is the sun itself exempt

from being thus hidden, whenever any part of the moon's

disc, in this her tortuous course, comes to overlap any part

of the space occupied in the heavens by that luminary. On
these occasions is exhibited the most striking and impressive

of all the occasional phenomena of astronomy, an eclipse of the

sun, in which a greater or less portion, or even in some rare

conjunctures the whole, of its disc is obscured, and, as it

were, obliterated, by the superposition of that of the moon,

which appears upon it as a circularly-terminated black spot,

producing a temporary diminution of daylight, or even

nocturnal darkness, so that the stars appear as if at midnight.
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In Other cases, when, at the moment that the moon is centrally

superposed on the sun, it so happens that her distance from the

earth is such as to render her angular diameter less than the

sun's, the very singular phenomenon of an annular solar eclipse

takes place, when the edge of the sun appears for a few

minutes as a narrow ring of light projecting on all sides

beyond the dark circle occupied by the moon in its centre.

(412.) A solar eclipse can only happen when the sun and

moon are in conjunction, that is to say, have the sa^.:, or

nearly the same, position in the heavens, or the same lon-

gitude. It appears by art. 409. that this condition can only

be fulfilled at the time of a new moon, though it by no means

follows, that at every conjunction there must be an eclipse of

the sun. If the lunar orbit coincided with the ecliptic, this

would be the case, but as it is inclined to it at an angle of

upwards of 5°, it is evident that the conjunction, or equality

of longitudes, may take place when the moon is in the part

of her orbit too remote from the ecliptic to permit the discs

to meet and overlap. It is easy, however, to assign the

limits within which an eclipse is possible. To this end we

must consider, that, by the effect of parallax, the moon's

apparent edge may be thrown in any direction, according to

a spectator's geographical station, by any amount not exceed-

ing her horizontal parallax, and the same holds good ofthe sun,

so that there is a displacement to the extent of the difference

of the two parallaxes. Now, this comes to the same (so far

as the possibility of an eclipse is concerned) as if the apparent

diameter of the moon, seen from the earth's centre, were

dilated by twice the difference of their horizontal parallaxes

;

for if, when so dilated, it can touch or overlap the sun, there

must be an eclipse at some part or other of the earth's surface.

If, then, at the moment of the nearest conjunction, the geo-

centric distance of the centres of the two luminaries do not

exceed the sum of their semidiameters and of the last men-

tioned difference, there will be an eclipse. The sura is, at its

maximum, about 1° 34" 26'. In the spherical triangle SNM,

then, in which S is Ihe sun's centre, M the moon's, SNthc
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elliptic, MN the moon's orbit, and N the node, we may
suppose the angle N SM a right

angle, SM=1°34'26", and the

angle M N S = 5° 8' 48", the in-

clination of the orbit. Hence we
calculate SN, which comes out
16° 58'. If, then, at the moment

~^
of the new moon, the moon's node is farther from the sun
in longitude than this limit, there can be no eclipse; if

within, there may, and probably will, at some part or other

of the earth. To ascertain precisely whether there will or

not, and, if there be, how great will be the part eclipsed,

the solar and lunar tables must be consulted, the place of

the node and the semidiameters exactly nacertained, and the

local parallax, and apparent augmentation of the moon's
diameter due to the difference of her distance from the

observer and from the center of the earth (which may
amount to a sixtieth part of her horizontal diameter), de-

termined; after which it is easy, from the above considerations,

to calculate the amount overlapped of the two discs, and
their moment of contact

(413.) The calculation of the occultation of a star depends

on similar considerations. An occultation is possible, when
the moon's course, as seen from the earth's centre, carries her

within a distance from tlie star equal to the sum of her

semidiameter and horizontal parallax ; and it will happen at

any particular spot, when her apparent path, as seen from

that spot, carries her center within a distance equal to the

sum of her aw^wiewferf semidiameter and actual parallax. The
details of these calculations, which are somewhat troublesome,

must be sought elsewhere.*

(414.) The phaenomenon of a solar eclipse and of an occul-

tation are highly interesting and instructive in a physical

point of view. They teach us that the moon is an opaque

body, terminated by a real and sharply defined surface in-

* Woodhouse's Astronomy, vol. i. See also Trans. Ast. Soc. vol. i. p. 325.
See also Prof. Loomis's Introduction to Practical Astronomy, in which every
detail of the calculation will be found illustrated by numerical examples.
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tercepting I'-^ht like a solid. They prove to ua, also, that at

those tiaies ,. hen we cannot see the moon, she really exists, and

pursues her course, and that when we see her only aa a

crescent, however narrow, the whole globular body is there,

filling up the deficient outline, though unseen. For occulta-

tions take place indifferently at the dark and bright, the

visible and invisible outline, whichever happens to be towards

tVie direction in which the moon is moving ; with this only

difference, that a star occulted by the bright limb, if the

phsenoraenon be watched with a telescope, gives notice, by

its gradual approach to the visible edge, when to expect its

disappearance, while, if occulted at the dark limb, if the

moon, at least, be more than a few days old, it is, as it were,

extinguished in mid-air, without notice or visible cause for

its disappearance, which, as it happens instantaneously, and

without the slightest previous diminution of its light, is

always surprising ; and, if the star be a large and bright one,

even startling from its suddenness. The re-appearance of

the star, too, when the moon has passed over it, takes place

in those cases when the bright side of the moon is foremost,

not at the concave outline of the crescent, but at the

invisible outline of the complete circle, and is scarcely less

surprising, from its suddenness, than its disappearance in

the other case.*

(415.) The existence of the complete circle of the disc,

even when the moon is not full, does not, however, rest only

on the evidence of occultationa and eclipses. It may be

* There is an optical illusion of a very strange and unaccountable nature

which has often been remarked in occultations. The star appears to advance

actually upon and within the edge of the disc before it disappears, and that

sometimes to u considerable depth. I have never myself witnessed this singular

effect, but it rests on most unequivocal testimony. I have called it an optical

illusion ; but it is barely postible that a star may shine on such occasions through

deep fissures in the substance of the moon. The occultations of close double

tars ought to be narrowly watched, to see whether both individuals are thus

projected, as well as for other purposes connected with their theory. I will only

hint at one, viz. that a double star, too clote to be seen divided with any telescope,

may yet be detected to be double by the mode of its disappearance. Should a
considerable star, fur instance, instead of undergoing instantaneous and complete
extinction, go out by two distinct steps, following close upon each other ; first

losing a portion, then the whole remainder of its light, we may be sure it is ii

double star, though '.ve cannot see the individuals separately.— Note to the

edit. 0/1833.
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seen, when the moon is crescent or waning, a few days before

and after the new moon, with the naked eye, as a pale round

body, to which the crescent seems attached, and somewhat

projecting beyond its outline (which is an optical illusion

arising from the greater intensity of its light). The cause

of this appearance will presently be explained. Meanwhile

the fact is sufficient to show that the moon is not inherently

luminous like the sun, but that her light is of an adventitious

nature. And its crescent form, increasing regularly from

a narrow semicircular line to a complete circular disc, cor-

responds to the appearance a globe would present, one

hemisphere of which was black, the other white, when

differently turned towards the eye, so as to present a greater

or less portion of each. The obvious conclusion from this is,

that the moon is such a globe, one half of which is brightened

by the rays of some luminary sufficiently distant to enlighten

the complete hemisphere, and sufficiently intense to give it

the degree of splendour we see. Now, the sun alone is

competent to such an effect. Its distance and light suffice

;

and, moreover, it is invariably observed that, when a crescent,

the bright edge is towards the sun, and that in proportion as

the moon in her monthly course becomes more and more

distant from the sun, the breadth of the crescent increases,

and vice versd.

(416.) The sun's distance being 23984 radii of the earth,

and the moon's only 60, the former is nearly 400 times the

latter. Lines, therefore, drawn from the sun to every part

of the moon's orbit may be regarded as very nearly parallel.*

Suppose, now, O to be the earth, ABCD, &c. various

positions of the moon in its orbit, and S the sun, at the vast

distance above stated ; as is shown, then, in the figure, the

hemisphere of the lunar globe turned towards it (on the

right) will be bright, the opposite dark, wherever it may
stand in its orbit. Now, in the position A, when in con-

junction with the sun, the dark part is entirely turned

towards O, and the bright from it. In this case, then, the

* The angle subtended by the moon's orbit, as seen from the sun (in the mean
state of things), is only 17' 12".

I
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moon is not seen, it is neio moon. When the moon has come

to C, half the bright and half the dark hemisphere are pre-

sented to O, and the same in the opposite situation G :
these

are the first and third quarters of the moon. Lastly, when

at E, the whole bright face is towards the earth, the whole

dark side from it, and it is then seen wholly bright or full

moon. In the intermediate positions BDFH, the portions

of the bright face presented to O will be at first less than

half the visible surface, then greater, and finally less again,

till it vanishes altogether, as it comes round again to A.

(417.) These monthly changes of appearance, or phases,

as they are called, arise, then, from the moon, an opaque

body, being illuminated on one side by the sun, and reflecting

from it, in all directions, a portion of the light so received.

Nor let it be thought surprising that a solid substance thus

illuminated should appear to shine and again illuminate the

earth. It is no more than a white cloud does standing off

upon the clear blue sky. By day, the moon can hardly be

distinguished in brightness from such a cloud ; and, in the

dusk of the evening, clouds catching the last rays of the sun

appear with a dazzling splendour, not inferior to the seeming

brightness of the moon at night* That the earth sends also

such a light to the moon, only probably more powerful by

• The actual illumination of the lunar surface is not much superior to that of

weathered sandstone roek in full sunshine. I have frequently compared the

moon setting behind the grey perpendicular fafade of the Table MounUin,

illuminated by the sun just risen in the opposite quarter of the horizon, when it

has scarcely been distinguishable in brightness from the rocic in contact with it.

The sun and moon being nearly at equal altitudes and the atmosphere perfectly

free from cloud or vapour, its effect is alike on both luminaries. (H. 1848.)
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THE moon's synodic KEVOLUTION. 27 3

reason of its greater apparent size*, is agreeable to optical

principles, and explains the appearance of the dark portion
of the young or waning moon completing its crescent (art.

413). For, when the moon is nearly new to the earth, the
latter (so to speak) is nearly full to the former; it thon
illuminates its dark half by strong earth-light; and it is a
portion of this, reflected back again, which makes it visible

to us in the twilight sky. As the moon gains age, the earth
offers it a less portion of its bright side, and the phienomenon
in question dies away. The light of the full moon is esti-

mated by Bouguer on the result of photometric comparisons,
as only one 300000th part of that of the sun.

(418.) The lunar month is determined by the recurrence
of its phases: it reckons from new moon to new moon; that
is, from leaving its conjunction with the sun to its return to
conjunction. If the sun stood still, like a fixed star, the
interval between two conjunctions would be the same as the
period of the moon's sidereal revolution (arf 401.); but, as
the sun apparently advances in the heavens in the same
direction with the moon, only slower, the latter has more
than a complete sidereal period to perform to come up with
the sun again, and will require for it a longer time, which is

the lunar month, or, as it is generally termed in astronomy, a
synodical period. The difference is easily calculated by con-
sidering that the superfluous arc (whatever it be) is described
by the sun with the velocity of 0°-98565 per diem, in the same
time that the moon describes that arc plus a complete revolu-
tion, with her velocity of 13°-17640 per diem; and, the times
of description being identical, the spaces are to each other in
the proportion of the velocities. Let V and v be the mean
angular daily motions of the sun and moon as above, x the
superfluous arc; then V : t; : : 360°+ ar : x; and V v : r :

:

360° : X, whence x is found; and - =the time in days in which

the sun describes the arc x, that is, the synodical period= ^^^

• Tlie apparent (Uameter of the moon is 32' from the earth j that of the earth
seen from the moon is twice her horizontal parallax, or 1° 54'. Tlie apparent
surface^ therefore, are as (1 14)» : (32y, or as 13 : \ nearly.

T
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which reduced to numbcra, gives, 29<'-530589= 29* 12- 44»

2'"87

(419.) Supposing the position of the nodes of the moon's

orbit to permit it, when the moon stands at A (or at the new

moon), it will intercept a part or the whole of the sun s rays,

nnd cause a solar eclipse. On the other hand, when at t.

(or at the full moon), the earth O will intercept the rays oi

the sun, and cast a shadow on the moon, thereby causmg a

lunar eclipse. And this is consonant to fact, such eclipses

never happening but at the time of the full moon. But,

, what is still more remarkable, as confirmatory of the position

of the earth's sphericity, this shadow, which we plainly see

to enter upon and, as it were, eat away the disc of the moon,

is always terminated by a circular outline, though, from the

greater size of the circle, it is only partially seen at any one

time. Now, a body which always casts a circular shadow

must itself be spherical.

(420.) Eclipses of the sun are best understood by re-

garding the sun and moon as two independent luminaries,

each moving according to known laws, and viewed from t,hc

earth ; but it is also instructive to consider echpses generally

as arising from the shadow of one body thrown on another by

a luminary much larger than either. Suppose, then, A B to

represent the sun, and C D a spherical body, whether earth

or moon, illuminated by it. Ifwe join and prolong AC, B D

;

since A B is greater than C D, those lines will meetm a point

E more or less distant from the body C D, according to its

size, and within the space C E D (which represents a cone,

J
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since C D and A B are spheres), there will be a total shadow.

This shadow is called the umbra, and a spectator situated

within it can see no part of the sun's disc. Beyond the

umbra are two diverging spaces (or rather, a portion of a

single conical space, having K for its vertex), where if a

spectator be situated, as at M, he will see a portion only

(A O N P) of the sun's surface, the rest (B O N P) being

obscured by the earth. He will, therefore, receive only

partial sunshine; and the more, the nearer he is to the

exterior borders of that cone which is called the penumbra.

Beyond this he will see the whole sun, and be in full illu-

mination. All these circumstances may be perfectly well

shown by holding a small globe up in the sun, and receiving

its shadow at different distances on a sheet of paper.

(421.) In a lunar eclipse (represented in the upper figure),

the moon is seen to enter* the penumbra first, and by

degrees, get involved in the umbra, the former bordering

the latter like a smoky haze. At this period of the eclipse,

and while yet a considerable part of the moon remains un-

obscured, the portion involved in the umbra is invisible to

tho naked eye, though still perceptible in a telescope, and of

a dark grey hue. But as the eclipse advances, and the

enlightened part diminishes in extent, and grows gradually

more and more obscured by the advance of the penumbra,

the eye, relieved from its glare, becomes more sensible to

feeble impressions of light and colour ; and phajnomena of a

remarkable and instructive chai'acter begin to be developed.

The umbra is seen to be very far from totally dark ; and in

its faint illumination it exhibits a gradation of colour, being

bluish, or even (by contrast) somewhat greenish, towards

the borders for a space of about 4' or 5' of apparent angular

breadth inwards, thence passing, by delicate but rapid gra-

dation, through rose red to a fiery or copper-coloured glow,

like that of dull red-hot iron. As the eclipse proceeds this

glow spreads over the whole surface of the moon, which then

* The actual contact with the penumbra is never seen ; the defalcation of
light comes on so very gradually that it is not till when already deeply immersed,
that it is perceived to be sensibly darkened.

T 3
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becomes on some occasions so strongly illumnmtccl, as to cast

a very sensible shadow, and allow the spots on its surface to

be perfectly well distinguished through a telescope.

U22.) The cause of these singular, and sometimes very

beautiful appearances, is the refraction of the sun's light in

passing through our atmosphere, which at the same t.mc

becomes coloured with the hues of sunset by the absorption

of more or less of the violet and blue rays, as it passes

tlirou^h strata nearer or more remote from the earth s surface,

and tltereforc, more or less loaded with vapour. To «how this,

let A D a be a section of the cone of the umbra, and b li lij

of the penumbra, through their common axis D E S, passing

through the centers E S of the earth and sun, and let K M k

be a section of these cones at a distance E M from E, equal

to the radius of the moon's orbit, or 60 radii of the earth

Taking this radius for unity, since E S, the distance of the

Bun, is 23984, and the semidiameter of the sun 111 such

units, we readily calculate D E= 218, D M= 158, for the

*The figure is unavoidably drawn out of all
P^P^Vhr'fiZt i'l^^rSe

violently ex%5gerated. The reader should try to draw the figure m ,ts true

proportions.
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distances at which the apex of the geometrical umbra lies

behind the earth and the moon respectively. Wc also find

for the measure of the angle E D B, 15' 46", and therefore

D B EzrSO" 44' 14", whence also wo get M C (the linear

Bcmidiametcr of the um/ira)= 0'725 (or in miles 2808), and

the angle C E M, its apparent angular scmidiameter as seen

from E= 41' 32". And instituting similar calculations for

the geamctricai penumbra we got M K=1'280(.'30G4 miles),

and K E M r 13' 20" ; and it may be well to remember
that the doubles of these angles, or the mean angular diame-

ters of the umbra and penumbra, are described by the moon
with its mean velocity in 2'' 46", and 4** 56° respectively,

which are therefore the respective durations of the total and

partial obscuration of any one [)oint of the moon's disc in

traversing centrally the geometrical shadow.

(423.) Were the earth devoid of atmosphere, the wliole of

the phtenomena of a lunar eclipse would consist in these

partial or total obscurations. Within the space C c the

whole of the light, and within K C and c k a greater or less

portion of it would be intercepted by the solid body B b

of the earth. The refracting atmosphere, however, extends

from B b, to a certain unknown, but very small distance

B H, & A, which, acting as a convex lens, of gradually (and

very rapidly) decreasing density, disperses all that com-

paratively small portion of light which falls upon it over a

space bounded externally by H g, parallel and very nearly

coincident with B F, and internally by a line B z, the former

representing the extreme exterior ray from the limb a of tiio

Bun, the latter, the extreme interior ray from the limb A.

To avoid complication, however, we will trace only the

courses of rays which just graze the surface at B, viz. : B z

from the upper border. A, and B v from the lower, a, of the

sun. Each of these rays is bent inwards from its original

course by double the amount of the horizontal refraction

(33') I. e. by 1° 6', because, in passing from B out of the

atmosphere, it undergoes a deviation equal to that at entering,

and in the same direction. Instead, therefore, of pursuing

the courses B D, B F, these rays respectively will occupy
T 3
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thu positiofX" B *y, D u,nmkiiig, witli the aforewud lines, the

angles 1> li y, F B v, each V 6'. Now we have found

J) B E = 8y' 44' 14" and therefore F D E ( =D H E +
angular diam. of O)=s90° 16' 17"; couBequoptly the angles

E B y and E B u will be respectively 88 38' 14" and

89° 10' 1 ', from which we conclude E z= 4204 and E w=
69- 14 ; the ^rmer falling short of the moon's orbit by 17"96,

and the latter surpassing it by 9'14 radii of the earth.

(424.) The penumbra, therefore, of rays refracted ut B,

will be spread over the space vBi/, that at II over ^^ II d,

and at the intermediate points, over similar intermediate

spaces, and through this compound of superposed penumbraj

the moon passes duting the whole of its path through the

geometrical shadow, never attaining the absolute urabr.i \\ zb

at all. Without going into detail as to the intensity of

the refracted rays, it is evident that the totality of light so

thrown into the shadow is to that which the earth intercept:^,

as the area of a circular section of the atmosphere to that of

a diametrical section of the earth itself, and, therefore, at all

events but feeble. And it is still further enfeebled by actual

clouds suspended in that portion of the air which forms the

visible border of the earth's disc as seen from the moon, as

well as by the general want- of transparency caused by in-

visible vapour, which is especially effective in the lowermost

strata, within three or four miles of the surface, and which

will impart to all the rays they transmit the ruddy hue of

sunset, only of double the depth of tint which wo admire in

our glowing sunsets, by reason of the rays having to traverse

twice as great a thickness of atmosphere. This redness will

be most intense at the points x, y, of the moon's path through

the umbra, and will thence degrade very rapidly outwardly,

over the spaces x C, y c, less so inwardly, over jy. And at

C, c, its hue will be mingl d with the bluish or greenish

light which the atmosphere sen' t ra Vy irregular dispersion,

or in othci words by our ttoilvju ^irt. t4.). Nor will the

phsenomenon be uniformly C'tii';^'.."U€'»o •: all tim>..j. Sup-

posing a genenvlly and deeply clouded state of the atmosphere

ajound the edge of the earth's disc visible from the moon

m



re»aul lines, the

wo have found

1 ( =U H E +
>ptly tho anglc.i

8^ 38' 14" nnd

2 04 nnd E v=
orbit by 17 -96,

;hc earth,

refracted ut B,

i II over 1/ II tl,

ar intcrniudiato

)Osed pcnumbriB

ith throiij^li tho

lute umbr.i !• :lt

he intuntjity of

;ality of light so

earth intercepts,

iphere to that of

therefore, at all

feebled by actual

which forms the

)tn the moun, as

sy caused by in-

n the lowermost

rfaco, and which

10 ruddy hue of

ch wo admire in

iving to traverse

rhis redness will

>n's path through

.pidly outwardly,

ver xy. And at

uish or greenish

gular dispersion,

). Nor will the

all tira^j. Sup-

if the atmosphere

} from tho mooa

rU^KOMEKA or A LUNAB EOLtrSE. 370

(i. e. around that great circle of tho earth, in which, at tlio

moment the sun in in the huriaon,) little or no refracted light

may reach the moou. * Suppoeiiip; that circle partly cloudc-d

and partly clour, patches <

'" red light ( orreaponding to lie

clear portions wul be thrown into the umbra, and may give

rise to various and changeable distributions of light on the

ecli[)8ed discf ; while, il entirely clei.r, the ccii['«e will be

rcmarkablo for tho conspicuousneas of tho moon during tho

whole or a part of its immersion in tho unjbra. J

(425.) Owing to the great size of the earth, tho cc e of its

umbra always projects far beyond the moon ; so that, if, at

the time of a lunar eclipse, the moon's path be properly

directed, it is sure to pass through the umbra. This is not,

however, the case in solar eclipses. It so happens, from tho

adjustment of the size and distance of the moon, that tho

extremity of her umbra always falls near the earth, but Home-

times attains and sometimes falls short of its surh ce. In the

former case (represented in the l9wer figure, art. 4 20.) a black

spot, surrounded by a fainter eliadow, is form. 1, beyond
which there is no eclipse on any part of tho earth, >ut within

which there mny be either a total or partial on , as tho

spectator is within the umbra or penumbra. When he apex
of tho umbra falls on the surface, tho mooft'ftt that p int will

appear, for an instant, to Just cover the sun; but, v,hen it

falls short, there will be no total eclipse on any part of the

earth ; but a spectator, situated in or near the prolongation

of the axis of the cone, will sec the whole of the mo in on
the sun, although not large enough to cover it, i. e. li will

witness an annular eclipse, a phtenpmenon to which luch

interest is attached by reason of some curious optical pi 'mo-

mena first observed • by Mr. Baily at the moments o; the

forming and breaking of the annulus, like beads of i ^ht

• As in the cclipnes of June S. 1620, April 25. 1642. Lalande, Art. I'flS.
Also December 9. 1601, and June 10. 1816, on which occasions the moon "-as

totally invisihic even in telescopes.

t As in the eclipse of Oct. 13. 1837, observed by the author.

X As in that of March 19. 1848, when the moon is described as giving "g 1

light " during more than an hour after its total immersion, and some pcrsi i

even doubted its being eclipsed. (Notices of R. Ast. Soc. viii. p. 13'2.)
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JMUbWr fgi^ îMmiii-i'Msmiiiimmsgmmmi'mmimmi, '

:''

•

!



280 OUTLINES OP ASTRONOMY.

alternating with black thready elongations of the moon's

limb, known by the name of " Baily's beads."

(•426.) Owing to a remarkable enough adjustment of the

periods in which the moon's si/nodical revolution, and that of

her nodes, are performed, eclipses return after a certain

period, very nearly in the same order and of the same

magnitude. For 223 of the moon's mean synodical revolu-

tions, or lunations, as they are called, will be found to occupy

6585-32 days, and nineteen complete synodical revolutions

of the node to occupy 6585 78. The difference in the mean

position of the node, then, at the beginning and end of 223

lunations, is nearly insensible ; so that a recurrence of all

eclipses within that interval must take place. Accordingly,

this period of 223 lunations, or eighteen years and ten days,

is a very important one in the calculation of eclipses. It is

supposed to have been known to the Chaldeans, the earliest

astronomers, the regular return of eclipses having been

known as a physical fact for ages before their exact theory

was understood. In this period there occur ordinarily 70

eclipses, 29 of the moon, and 41 of the sun, visible in some

part of the earth. Seven eclipses of either sun or moon at

most, and two at least (both of the sun), may occur in a

(427.) The commencement, duration, and magnitude of a

lunar echpse are much more easily calculated than those of a

solar, being independent of the position of the spectator on

the earth's surface, and the same as if viewed from its centre.

The common center of the umbra and penumbra lies always

in the ecliptic, at a point opposite to the sun, and the path

described by the moon in passing through it is its true orbit

as it stands at the moment of the full moon. In this orbit,

its position, at every instant, is known from the lunar tables

and ephemeris ; and all we have, therfifore, to ascertain, is,

the moment when the distance between the moon's center and

the center of the shadow is exactly equal to the sum of the

semidiameters of the moon and penumbra, or of the moon and

umbra, to know when it enters upon and leaves them re-

spectively. No lunar eclipse can take place, if, at the moment

1
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of the full moon, the sun be at a greater angular distance

from the node of the moon's orbit than 11" 21', meaning by

an eclipse the immersion of any part of the moon in the

umbra, as its contact with the penumbra cannot be observed

(see note to art. 421.).

(428.) The dimensions of the shadow, at the place where

it crosses the moon's path, require us to know the distances

of the sun and moon at the time. These are variable ; but

are calculated and set down, as well as their semidiameters,

for every day, in the ephemeris, so that none of the data are

wanting. The sun's distance is easily calculated from its

elliptic orbit ; but the moon's is a matter of more difficulty,

by reason of the progressive motion of the axis of the lunar

orbit. (Art. 409.) Both, however, are readily obtained

from the ephemeris for every day ; the sun's distance being

given explicitly and the moon's implicitly, from her tabu-

lated apparent diameter.

(428 a.) It deserves to be mentioned that the moon may

be seen eclipsed while the sun is yet above the horizon by a

spectator properly situated, so that both luminaries being

on his matheo-atical horizon shall be raised above it by

refraction, which (art. 43.) exceeds the apparent diameter

of either. This singular conjuncture of circumstances is

said to have been observed from Montmartre, near Paris,

by the assembled academicians of that city in a.d. 1668.

(428 b.) The full moon which happens on or nearest to the

2 1st of September is called the harvest moon, because it

rises from night to night, after the full, more nearly after

sunset than any other full moon in the year, and is therefore

favourable for evening work in carrying in the late crops.

Suppose the full moon to happen on that day (the time of

the autumnal equinox) the sun is then entering Libra, and

the moon Aries, the former setting due west, the latter

rising due east; the southern half of the ecliptic is then

entirely above and the northern below the horizon, and the

ecliptic itself makes then the least possible angle with the

horizon. In advancing then 12", or one day's motion, along

the ecliptic (or along its own orbit, which is not much in-

1
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283 OUTLINES OF A8TRCNOMT.

clined to it) it will become less depressed below the horizon,

and have, therefore, a less hour angle to travel over by the

diurnal motion after sunset the next night to bring it into

view than at any other time. The most favourable harvest

moon is when the full moon, falling on the 21st of September,

happens at the same time to be in the ascending node of her

orbit, which then coincides with the vernal equinox.

(429.) The physical constitution of the moon is better

known to us than that of any other heavenly body. By the

aid of telescopes, we discern inequalities in its surface which

can be no other than mountains and valleys,— for this plain

reason, that we see the shadows cast by the former in the

exact proportion as to length which they ought to have, when

we take into account the inclination of the sun's rays to that

part of the moon's surface on which they stand. The convox

outline of the limb turned towards the sun is always circular,

and very nearly smooth ; but the opposite border of the en-

lightened part, which (were the moon a perfect sphere)

ought to be an exact and sharply defined ellipse, is always

observed to be extremely ragged, and indented with deep

recesses and prominent points. The mountains near this edge

cast long black shadows, as they should evidently do, when

we consider that the sun is in the act of rising or setting to

the parts of the moon so circumstanced. But as the en-

lightened edge advances beyond them, i. e. as the sun to them

gains altitude, their shadows shorten ; and at the full moon,

when all the light falls in our line of sight, no shadows are

seen on any part of her surface. From micrometrical mea-

sures of the lengths of the shadows of the more conspicuous

mountains, taken under the most favourable circumstances,

the heights of many of them have been calculated. Messrs.

Beer and Maedler, in their elaborate work, entitled " Der

Mond," have given a list of heights resulting from such

measurements, for no less than 1095 lunar mountains, among
which occur all degrees of elevation up to 3569 toises

(22,823 British feet), or about 1400 feet higher than Chim-

borazo in the Andes. The existence of such mountains is

further corroborated by their appearance, as small points or

itlands of light beyond the extreme edge of the enlightened

'T^S^feBSfSffSl^f^
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part, which are their tops catching the sun-beams before the

intermediate plain, and which, as the light advances, at length

connect themselves with it, and appear as prominences from

the general edge.

(430.) The generality of the lunar mountains present a

striking uniformity and singularity of aspect. They are

wonderfully numerous, especially towards the southern portion

of the disc, occupying by far the larger portion of the surfalce,

and almost universally of an exactly circular or cup-shaped

form, foreshortened, however, into ellipses towards the limb;

but the larger have for the most part flat bottoms within,

from which rises centrally a small, steep, conical hill. They

offer, in short, in its highest perfection, the true volcanic

character, as it may be seen in the crater of Vesuvius, and in

a map of the volcanic districts of the Campi Phlegrffii* or

the Puy de Dome, but with this remarkable pecidiarity,

viz. : that the bottoms of many of the craters are very deeply

depressed below the general surface of the moon, the internal

depth being often twice or three times the external height.

In some of the principal ones, decisive marks of volcanic

stratification, arising from successive deposits of ejected matter,

and evident indications of lava currents streaming outwards

in all directions, may be clearly traced with powerful tele-

scopes. (See PL V. fig. 2,)t In Lord Rosse's magnificent

reflector, the flat bottom of the crater called Albatcgnius is

seen to be strewed with blocks not visible in inferior tele-

scopes, while the exterior of another (Aristillus) is all hatched

over with deep gullies radiating towards its center. What

is, moreover, extremely singular in the geology of the moon

is, that, although nothing having the character of seas can

be traced, (for the dusky spots, which are commonly called

seas, when closely examined, present appearances incom-

patible with the supposition of deep water,) yet there are

large regions perfectly level, and apparently of a decided

alluvial character ; as there are alao here and there, chains

of mountains whose appearance suggests no suspicion of

volcanic origin.

See Breislak's map of Ihe environs of Naples, and Desmarest's of Aiivergnc.

f From a diawing taken with a reflector of twenty feet focal length (A,'
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(431.) We perceive on the moon no clouds, nor any otlier

decisive indications of an atmosphere. Were tliere any, it

could not fail to be perceived in the occultationa of stars and

the phasnomena of solar eclipses, as well as in a great variety

of other phosnomcna. The moon's diameter, for example, as

measured micrometrically, and as estimated by the interval

between the disappearance and reappearance of a star in an

occultation, ought to differ by twice the horizontal refraction

at the moon's surface. No appretiable difference being per-

ceived, we are entitled to conclude the non-existence of any

atmosphere at its edge dense enough to cause a refraction of

1" I. e. having one 1980th part of the density of the earth's

atmosphere. In a solar eclipse, the existence of any sepsiblo

refracting atmosphere in the moon, would enable us to trace

the limb of the latter beyond the cusps, externally to the

sun's disc, by a narrow, but brilliant line of light, extending

to some distance along its edge. No such phaenomenon is

seen. Very faint stars ought to be extinguished before

occultation, were any appretiable amount of vapour suspended

near the surface of the moon. But such is not the case

;

when occulted at the bright edge, indeed, the light of the

moon extinguishes small stars, and even at the dark limb, the

glare in the sky caused by the near presence of the racon,

rendeis the occultation oivery minute stars unobservable. But
during the continuance of a total lunar eclipse, stars of the

tenth and eleventh magnitude are seen to come up to the

limb, and undergo sudden extinction as well as those of greater

brightness.* Hence, the climate of the moon must be very

extraordinary ; the alternation being that of unmitigated and

burning sunshine fiercer than an equatorial noon, continued

for a whole fortnight, and the keenest severity of frost, far

exceeding that of our polar winters, for an equal time. Such
a disposition of things must produce a constant transfer of

whatever moisture may exist on its surface, from the point

beneath the sun to that opposite, by distillation in vacuo after

the manner of the little instrument called a cryophorus. The
consequence must be absolute aridity below the vertical sun,

* As observed by myself in the eclipse of Got IS. I887«
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constant accretion of hoar frost in the opposite region, and,

perhaps, a narrow zone of running water at the borders of

the enlightened hemisphere.* It is possible, then, that evapo-

ration on the one hand, and condensation on the other, may

to a certain extent preserve an equilibrium of temperature,

and mitigate the extreme severity of both climates ; but this

process, which would imply the continual generation and

destruction of an atmosphere of aqueous vapour, must, in con-

formity with what has been said above of a lunar atmosphere,

be confined within very narrow limits.

(432.) Though the surface of the full moon exposed to us

must necessarily be very much heated,

—

possibly to a degree

much exceeding that of boiling water,— yet we feel no heat

from it, and even in the focus of large reflectors, it fails to

affect the thermometer. No doubt, therefore, its heat, (con-

formably to what is observed of that of bodies heated below

the point of luminosity,) is much more readily absorbed in

traversing transparent media than direct -solar heat, and is

extinguished in the upper regions of our atmosphere, never

reaching the surface of the earth at all. Some probability

is given to this by the tendency/ to disappearance of clouds

under the full moon, a meteorological fact, (for as such we

think it fully entitled to rank f,) for which it ia necessary to

seek a cause, and for which no other rational explanation

seems to offer. As for any other influence of the moon on

the weather, we have no decisive evidence in its favour.

(433.) A circle of one second in diameter, as seen from the

earth, on the surface of the moon, contains about a square

mile. Telescopes, therefore, must yet be greatly improved,

beforewe could expect to see signs of inhabitants, as manifested

by edifices or by changes on the surface of the soil. It should,

however, be observed, that, owing to the small density of the

• So in ed. of 1833.
. . j , , ,

+ From my own observations, made quite independently of any know-

ledge of such a tendency having \teen observed by others. Humboldt, however,

in his Personal Narrative, speaks of it as well known to the pilote and seamen

of Spanish America.
, . ,../.„

M. Arago has shown, from a companson of rain, registered as having fallen

during a long period, that a slight preponderance in respect of quantity falls

near the new moon over that which falls near the full. This would be a natural

and necessary consequence of a preponderance of a cloudless sky about the full,

and forms, therefore, part and parcel of the same meteorological fact.

<im JMiilllW
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materials of the moon, and the comparatively feeble gravitation

of bodies on her surface, muscular force would there go six

times as far in overcoming the weight of materials as on the

earth. Owing to the want of air, however, it seems im-

possible that any form of life, analogous to those on earth, can

subsist there. No appearance indicating vegetation, or the

slightest variation of surface, which can, in our opinion, fairly

be ascribed to change of season, can any where be discerned.

(434.) The lunar summer and winter arise, in fact, from

the rotation of the moon on its own axis, the period of which

rotation is exactly equal to its sidereal revolution about the

earth, and is performed in a plane 1° 30' 1 \" inclined to the

ecliptic, whose ascending node is always precisely coincident

with the descending node of the lunar orbit. So that the axis

of rotation describes a conical surface about the pole of the

ecliptic in one revolution of the node. The remarkable

coincidence of the two rotations, that about the axis and

that about the earth, which at first sight would seem per-

fectly distinct, has been asserted (but we think somewhat

too hastily*) to be a consequence of the general laws to be

explained hereafter. Be that how it may, it is the cause

why we always see the same face of the moon, and have no

knowledge of the other sidcf

(435.) The moon's rotation on her axis is uniform ; but

since her motion in her orbit (like that of the sun) is not so,

we are enabled to look a few degrees round the equatorial

parts of her visible border, on the eaatern or western side,

according to circumstances; or, in other words, the line

joining the centers of the earth and moon fluctuates a little

in its position, from its mean or average intersection with her

surface, to the east or westward. And, moreover, since the

* See Edinburgh Review, No. 175. p. 192.

t Strange to say, there are persons who find it difficult to regard as a rotation

on its own axis, that peculiarity of the moon's motion which consists in its

keeping the same face always towards the earth. Should any of our readers be

in this predicament, we recommend him to plant a staff upright in the ground,

and, grasping it with both hands, walk round it, keeping as close to it as possible,

with his face always turned towards it ; when the unraistakeable sensation of

giddiness will effectually satisfy him of the fact of his rotation on his own axis,

or he may walk round a tree, always facing it, and carrying a compass in his

hand, and while watching the needle during a few circuits endeayour to per-

suade himself that he does not turn upon his own center.

iSWW^feaOflRtW^W^wwiB
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axis about which she revolves is neither exactly perpendicular

to her orbit, nor holds an invariable direction in space, her

poles come alternately into view for a small space at the edges

of her disc. These phajnomena arc known by the name of

librations. In consequence of these two distinct kinds of

libration, the same identical point of the moon's surface is not

always the center of her disc, and we therefore get sight of a

zone of a few degrees in breadth on all sides of the border,

beyond an exact hemisphere.

(436.) If there be inhabitants in the side of the moon

turned towards us, the earth must present to them the extra-

ordinary appearance of a moon of nearly 2° in diameter,

exhibiting phases complementary to those which we sec the

moon to do, but immovablyfixed in their shy, (or, at least,

changing its apparent place only by the small amount of the

libration,) while the stars must seem to pass slowly beside

and behind it. It will appear clouded with variable spots,

and belted with equatorial and tropical zones corresponding

to our trade-winds ; and it may be doubted whether, in their

perpetual change, the outiines of our continents and seas can

ever be clearly discerned. During a solar eclipse, the earth's

atmosphere wUl become visible as a narrow, but bright,

luminous ring of a ruddy colour, where it rests on the earth,

gradually passing into faint blue, encircling the whole or part

of the dark disc of the earth, the remainder being dark and

ragged with clouds.

(436 a.) On the subject of the moon's habitability, the

complete absence of air noticed in art (431.), if gemral over

her whole surface, would of course be decisive. Some con-

siderations of a contrary nature, however, suggest them-

selves in consequence of a remark lately made by Prof.

Hansen, viz., that the fact of the moon turning always the

same face towards the earth is in all probability the result of

an elongation of its figure in the direction of a Une joining

the centers of both tiie bodies acting conjointly with a non-

coincidence of its center ofgravity with its center of symmetry.

To the middle of the length of a stick, loaded with a heavy

weight at one ^nd and a light one at tiie other, attach a

string, and swing it round. The heavy weight will assume n^.l

ill II i-'iiiiin*ii''*^
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maintain a position in the circulation of the joint mass farther

from the hand than the lighter. Tliis is not improbably

what takes place in the moon. Anticipating to a certain

extent what he will find more fully detailed in the next

chapter, the reader may Consider the moon as retained in her

orbit about the earth by some coercing power analogous to

that which the hand exerts on the compound mass above

described through the string. Suppose, then, its globe made

up of materials not homogeneous, and so disposed in its

interior that some considerable preponderance of weight

should exist excentrically situated : then it will be easily

apprehended that the portion of its surface nearer to that

heavier portion of its solid content, under all the circum-

stances of a rotation so adjusted, will permanently occui)y

the situation most remote from the earth. Let us now con-

sider what may be expected to be the distribution of air,

water, or other fluid on the surface of such a globe, suppos-

ing its quantity not sufficient to cover and drown the whole

It will run towards the lowest place, that is to say,mass.

not the nearest to the center of figure or to the central point

of the mere space occupied by the moon, but to the center of

the mass, or what is called in mechanics the center of gravity.

There will be formed there an ocean, of more or less extent

according to the quantity of fluid, directly over the heavier

nucleus, while the lighter portion of the solid material will

stand out as a continent on the opposite side. And the

height above the level of such ocean to which it will project

will be greater, the greater the ex'^entricity of the center of

gravity. Suppose then that in the case of the moon this

excentricity should amount to some thirty or forty miles,

such would be the general elevation of the lunar land (or the

portion turned earthwards) above its ocean, so that the whole

of that portion of the moon we see would in fact come to be

regarded as a mountainous elevation above the sea level.

(436 b.) In what regards its assumption of a definite level,

air obeys precisely the same hydrostatical laws as water. The

lunar atmosphere would rest upon the lunar ocean, and form

in its basin a lake of air, whose upper portions at an altitude

such as we are now contemplating, would be of excessive
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tenuity, especially should the lunar provision of air be less

abundant in proportion than our own. It by no means

follows, then, from the absence of visible indications of water

or air on this side of the moon, that the other is equally

destitute of them, and equally unfitted for maintaining

animal or vegetable life. Some slight approach to such a

state of things actually obtains on the earth itself. Nearly

all the land is collected in one of its hemispheres, and much

the larger portion of the sea in the opposite (art. 284.). There

is evidently an excess of heavy material vertically beneath

the middle of the Tacific ; while not very remote from the

point of the globe diametrically opposite rises the great

table-land of India, and the Himalaya chain, on the sumtolts

of which the air has not more than a third of the density it

has on the sea-level, and from which animated existence is

for ever excluded.

(437.) The best charts of the lunar surface arc those of

CassinI, of Russcl (engraved from drawings, made by the aid

of a seven feet reflecting telescope,) the seleno-topographlcal

charts of Lohrmann, and the very elaborate projection of Beer

and Maedler accompanying their work already cited. Madame

Wittc, a Hanoverian lady, has recently succeeded in pro-

ducing from her own observations, aided by Maedler's charts,

more than one comvlete model of the whole visible lunar

hemisphere, of the most perfect kind, the result of incredible

diligence and assiduity. Single craters have also been

modelled on a large scale, both by her and Mr. Nasmyth.

Still more recently (1851—1857), photography has been

applied with some (though hitherto not very great) success

to the exact delineation of the lunar surface, by Mr. Whipple,

using for this purpose the great Fraunhofer equatorial of

the Observatory at Cambridge, U.S.; by Mr. Hartnup.

with the equatorial of the Liverpool Observatory ; and by

Mr. Delarue, with an equatorially mounted Newtonian re-

flector of 13 inches aperture and 10 feet focal length.*

• Still more recently Mr. Delarue, acting on an ingenious suggestion of Mr.

Wheatstone, by photographing the moon at the two extremes of her libralion,

lias accomplished the greatest triumph of the photographic art ; by producing a

stereoscope of its surface, in which not only is the true figure seen as a globe,

but the mountains arc actually seen in relief, as in a model I— [iVote added in

edition of 1859.]
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CHAPTER VIII.

OF TERRESTRIAL OIIAVITT.— OP THE LAW OP UNIVERSAL ORA-

VITATION. — PATHS OP rROJKCTILES ; APPARENT — REAL —
TUB MOON RETAINED IN HER ORIUT WY GRAVITT. — ITS LAW

OP DIMINUTION.— LAWS OP ELLIPTIC MOTION.— ORBIT OP THE

EARTH ROUND THE I N IN ACCORDANCE WITH THESE LAWS.—

MASSES OP TIIL EAR! 1 AND SUN COMPARED. — DENSITY OF THE

BUN. — FORCE OP OltAVlTT AT ITS SURFACE. — DISTURUINQ

EFFECT OP TUB BUN ON THE MOOn'S MOTION.

(438.) The reader has now been made a -.^uaiiited with the

chief phenomena of the motions of the -iarth in its orbit,

round the sun, and of the moon about the earth.—We come

next to speak of the phyb.^J cause which maintains and

perpetuates these motions, and causes the massive bodies so

revolving to deviate continually from the directions they

would naturally seek to follow, in pursuance of the first law

of motion*, and bend their coiu^es into curves concave to

their centers.

(439.) Whatever attjmp's may have been made by meta-

physical writers to leaaon away the connection of cause and

effect, and fritter it down into the unsatisfactory relation of

habitual sequence f, it is certain that the conception of some

more real and intimate connectior is quite as strongly im-

pressed upon the human mind as that of the existence of an

external world,— the vindication of whose reality has (strange

• Princip. Lex. i. . . i .

+ See Brown " On Cause and Effect,"—a work of great acutenc«s and subtlety

of reasoning on some points, but in whi:li the whole train of argument is

vitiated by one enormous oversight ; the omission, namely, of a dutinct and im-

mediate personal cmscioutnet$ nf causation in his enumeration of that seijuence of

events, by which the volition of Uie mind is made to terminate in the motion of

material objects. I mean th* consciousness of effort, accompanied with tntenlum

thereby to accomplish an end. as a thing entirely distinct from mere desire or

volition on the one liand, and from mere spasmodic contraction of muscles on

the other. Mrown, 3d edit. Edin 1818, p. 47. (Note to edition of 1R.13.)

r V .%f^n<'< it'JI'K'^'WW^
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OF TEBUE8TIIIAL OnAVlTV. S»l

to Bny") been rcganlod na an a<'blevcmont of no common merit

in the annals of this branch of iiliiloHopliy. It is our own
immediate consciousncsa of effort, when we oxcrt force to jMit

matter in motion, or to oppose and neutralize force, which

gives us this internal conviction of power and caugiilion so fur

08 it refers to tho material world, and con^pcls ua to belicvo

that whenever we see material objects put in motion from

a state of rest, or deflected from their rectilinear paths and
clianged in their velocities if already in motion, it is in conac-

qucnce of such an effort somehow exerted, though not accom-

panied with our consciousness. That such an effort should bo

exerted with success through an interposed space, is no doubt

difficult to conceive. But the difficulty is no way alleviated

by the interposition of any kind of material communication.

The action of mind on matter admits of no explanation in

words or elucidation by parallels. We know it as a fact, but

arc utterly incapable of analysing it as a process.

(440.) All bodies with which wo are acquamted, when

niised into the air and quietly abandoned, descend to tho

earth's surface in lines pcrpendicidar to it. They are there-

fore u'rged thereto by a force or effort, which it is but reason-

able to regard as the direct or indirect result of a consciousness

and a will existing somewhere, though beyond our power to

trace, wb'ch force we term gravity, and whoso tendency or

direction, as universal experience teaches, is towards tho

earth's center ; or rather, to speak strictly, with reference to

its spheroidal figure, pcrpendicidar to the surface of still water.

But if we cast a body obliquely into the air, this tendency,

though not extinguished or diminished, is materially modified

in its ultimate effect. The upward impetus we give the stone

is, it is true, after a time destroyed, and a downward one

communicated to it, wliich ultimately brings it to the surface,

where it is opposed in its further progress, and brought to

reet. But aU the while it has been continually deflected or

bent aside from its rectilinear progress, and made to descriiio

a curved line concave to the earth's center ; and having a

highest point, vertex, or apogee, }Vi9i as the moon has in its orbit,

where the direction of its motion is perpendicular lo the radius.

(441.) When the stone which we fling obliquely upwards
u 2

!

i
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mcctfl and is fitoppcd in its descent by the cnrth'a surfftOfl, its

motion is n(.t towunh the center, but inclined to the carth'a

radius at the same angle as when it quitted our hand. As

wo ore sure that, if not stopped by the resistance of the earth,

it would continue to descend, and that obli'jucli/, what prc-

Buniption, wo may nsk, is there that it would ever roach tho

center towards which its motion, in no part of its visible

course, was over directed ? What reason have we to believe

that it might not rather circulate round it, aa the moon does

round tho earth, returning again to the point it set out from,

after completing an elliptic orbit of which tho earth's center

occupies the lower focus ? And if to, is it not rcMonablo to

imagine that tho same force of gravity mai/ (since wo know

that it is exerted at ill accessible heights above tho surface,

nnd even in the highest regions of tho atmosphere) extend aa

far aa 60 radii of the earth, or to the moon? and may not this

bo the power,— for some power there must be,— which de-

flects her at every instant from the tangent of her orbit, and

keeps her m the elliptic path which experience teaches us she

actually pursues ?

(442.) If a stone be whirled round at the end of a string

it will stretch the string by a centrifugal force, which, if the

Bpeed of rotation be sufficiently increased, will at length break

the string, and let the stone escape. However strong tho

string, it may, by a sufficient rotary velocity of the stone, be

brought to the utmost tension it will bear without breaking;

and if we know what weight it is capable of carrying, the

velocity necessary for this purpose is easily calculated. Sup-

pose, now, a string to connect the earth's center with a weight

at its surface, whose strength should be just sufficient to

sustain that weight suspended from it. Let us, however,

for a moment imagine gravity to have no existence, and that

tho weight is made to revolve with the limiting velocity which

that string can barely counteract : then will its tension be

just equal to the weight of the revolving body ;
and any

power which should continually urge the body towards tho

center with a force equal to its weight would perform the

office, and might supply the place of the string," if divided.
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Divide it then, ... s m its i)lacc let Rrttvlty act, and the body

will cinruliito a& before ; its tendency to tho center, or its

wight, being just balanced by ita centrifugal force. Know-
ing tho ratlins of the earth, wo can calculate by the principles

of nicchiinicrt tho periodical time in which a body bo bahinccd

must circulate to keep it up ; and this appeal's to bo P 23°*

22'.

(443.) If wo make tho same calculation for a body at tho

distance of the moon, supposing its weiylit or gravity the same

as at the earth's surface, we shall find the period icquired to

bo lO** 45™ 30'. The actual period of the moon's revolution,

however, is 27** 7^ 43" ; and hence it is clear that the moon's

velocity is not nearly sufficient to sustain it against such a

power, supposing it to revolve in a circle, or neglecting (for

the present) the slight cllipticity of its orbit. In order that

a bmly at the distance of tho moon (or the moon itself) should

be ca[)able of keeping its distance from the earth by the out-

ward effort of its centrifugal force, while yet its time of

revolution shouhl bo wliat tho moon's actually is, it will

ai)pear* that gravity, inntead of being as intense as at tho

surface, would rcciuirc to be very nearly 3600 times less

energetic ; or, in other words, that its intensity is so enfeebled

by the remoteness of the body on which it acts, as to be ca-

pable of producing in it, in the same time, only y^jncth part

of the motion which it would impart to the sumo mass of

matter at the earth's surface.

(444.) The distance of tho moon from tho earth's cenujr

is very nearly sixty times the distance from tho center

to tho surface, and 3600 : 1 : : 60" : 1"; so that the pro-

portion in which we must admit the earth'a gravity to be

enfeebled at the moon's distance, if it be really the force

which retains the moon in her orbit, must bo (at least in this

particular instance) that of the squares of the distances at

which it is compared. Now, in such a diminution of energy

with increase of distance, there is nothing prima facie inad-

missible. Emanations from a center, such as light and heat,

• Newton, Princip. b. i., rrop. 4., Cor. 2.

V 3
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(b really dmunish in intensity by increase of distance, and

in tliis identical proportion; and though we cannot certainly

argue much from this analogy, yet we do sec that the power

of magnetic and electric attractions and repulsions is actually

enfeebled by distance, and much more rapidly than m the

simple proportion •f the increased distances. The argument

therefore, stands thus :- On the one hand. Gravity is a real

power, of whose agency we have daily experience. We

know that it extends to the greatest accessible heights, and

far beyond ; and we see no reason for drawing a line at any

particular height, and there asserting that it must cease

entirely ; though we have analogies to lead us to suppose its

energy may diminish as we ascend to great heights from the

BurfSe, such as that of the moon. On the other hand wc

are su*6 the moon is urged towards the earth by some power

whiaTretains her in her orbit, and that the intensity of this

power is such as would correspond to a gravity, dummshed m

the proportion-otherwise not improbable-of the squares

of the distances. If gravity be not that power, there must

exist some other; and, besides this, gravity must cease at

some inferior level, or the nature of the moon must be different

from that of ponderable matter ;- for if not, it would be

urged by both powers, and therefore too much urged and forced

inwards from her path.
, ^r , • i

(445.) It is on such an argum-nt that Newton is under-

stood to have rested, in the first instance, and provisionally,

his law of universal gi-avitation, whichmay be thus abstractly

stated— " Every particle of matter in the universe attracts

V every other particle, with a force directly proportioned to

^^
the mass of the attracting particle, and inversely to the square

of the distance between them." In this abstract and general

form, however, the proposition is not appUcable to tlie oise

before us. The earth and moon are not mere particles, but

great spherical bodies, and to such the general law does not

immediately apply; and, before we can make it applicable, it

becomes necessary to enquire what will be the force with

which a congeries of particles, constituting a sohd mass of

any assigned figure, wiU attra<:t another such collection ot
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material atoms. This problem is one purely dynamical, and,

in this its general form, is of extreme difficulty. Fortunately

however, for human knowledge when the attracting and at-

tracted bodies are spheres, it admits of an easy and direct

Bolution. Newton himself has shown {Princip. b. i. prop. 75.)

that, in that case, the attraction is precisely the same &y. if

the whole matter of «ach sphere were collected into its center,

and the spheres were single particles there placed ; so that,

in this case, the general law applies in its strict wording.

The eiFect of the trifling deviation of the earth from a spherical

form is of too minute an order to need attention at present.

It is, however, perceptible, and may be hereafter noticed.

(446.) The next step in the Newtonian argument is one

which divests the law of gravitation o^its provisional character,

VIA derived from a loose and sup-^ "ficial consideration of the

lunar orbit as a circle described with an average or mean

velocity, and elevates it to the rank of a general and pri-

mordial relation by proving its applicability to the state of

existing nature in all its circtunstances. This step consists

in demonstrating, as he has done* {Princip. i. 17. i. 75.),

that, under the influence of such an attractive force mutually

urging two spherical gravitating bodies towards each other,

they will each, when moving in each other's neighbourhood,

be deflected into an orbit concave towards the other, and V
describe, one about the other regarded as fixed, or both

round their common centre of gravity, curves whose fonns

are limited to those figures known in geometry by the

general name of conic sections. It will depend, he shows,

in any assigned case, upon the particular circumstances of

velocity, distance, and direction, which of these curves shall

be described,— whether an ellipse, a circle, a parabola, or

• We refer for these fundamental propositions, as a point of duty, to the im-

mortal work in which they were first propounded. It is_ impossible for us, in

this volume, to go into these investigations : even did oar limits permit, it would

be utterly-inconsistent with our plan; a general idea, however, of their conduct

will be given in the next chapter. We trust that the careful and attentive study

of the Principia in its originalform will never be laid aside, whatever be the

improvements of the modern annlysis us respects facility of calculation and ex-

pression. From no other quarter can a tliorough and complete comprehension

of the mechanism of our system, (so far as the immediate scope of tliat work

extends,) be anything like so well, and we may add, so easily obtained.

u 4
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an hyperbola; but one or other it must be; and any one of

any degree of eccentricity it maij be, according to the cir-

cumstances of the ca^c ; and, in all cases, the point to which

the motion is referred, whether it be the centre of one of the

spheres, or their common centre of gravity, will of necessity

be the focus of the conic section described. He shows,

furthermore {Princip. i. 1.). tliat, in every case, the awjulur

velocity with which the line joining their centres moves, must

be inversely proportional to the square of then- mutual

distance, and that equal areas of the curves described will bo

swept over by their line ofjunction in equal times.

(447.) AU this is in conformity with what we have stated

of the solar and lunar movements. Their orbits are ellipses,

but of different degrees of eccentricity ; and this circumstance

already indicates the general applicability of the principlce

in question.

(448.) But here we have already, by a natural and ready

implication (such is always the progress of generalization),

taken a further and most important step, almost unpcrceived.

"VVe have extended the action of graviry to the case of the

earth and sun, to a distance immensely greater than that of

the moon, and to a body apparently quite of a different

nature than either. Are we justified in this ? or, at all events,

are there no modifications introduced by the chango of data,

if not into the general expression, at least into the particular

interpretation, of the kw of gravitation ? Now, the moment

we come to numbers, an obvious incongruity strikes us.

When we calculate, as above, from the known distance of

the sun (art. 357.), and from tlie period m which the earth

circulates about it (art. 305.), what must be the centrifugal

force of the latter by which the sun's attraction is balanced,

(and which, therefore, becomes an exact measure of the sun's

attractive energy as exerted on the earth,) we find it to be

immensely greater than would suffice to counteract thjB eartli's

attraction on an equal body at that distance— greater in the

high proportion of 354936 to 1. It is clear, then, that if

the earth be retained in its orbit about the sun by solar

attraction, conformable in its rate of diminution with the
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general law, this force must bo no less than 354 93G times

more intense than what the earth would be capable of exerting,

ccBteris paribus, at an equal distance.

(449.) "What, then, are we to understand from this result ?

Simply this,— that the sun attracts as a collection of 354936

eartlis occupying its place would do, or, in other words,

that the sun contains 354936 times the mass or quantity of

ponderable matter that the earth consists of. Nor let this

conclusion startle us. We have only to recall what has

been already shown in (art. 358.) of the gigantic dimen-

sions of this magnificent body, to perceive that, in assigning

to it so vast a mass, we are not outstepping a reasonable

proportion. In fact, when we come to compare its mass

Avith its bulk, we find its density * to be less than that of the

earth, being no more than 0*2543. So that it must consist,

in reality, of far lighter materials, especially when we consider

the force under which its central parts must be condensed.

This consideration renders it highly probable that an intense

heat prevails in its interior by which its elasticity is reinforced,

and rendered capable of resisting this almost inconceivable

pressure without collapsing into smaller dimensions.

(450.) This will be more distinctly appretiated, if we

estimate, as we are now prepared to do, the intensity of

gravity at the sun's surface.

The attraction of a sphere being the same (art. 445.) as if

its whole mass were collected in its centre, will, of course,

bo proportional to the mass directly, and the square of the

distance inversely; and, in this case, the distance is the

radius of the sphere. Hence we concludet, that the in-

tensities of solar and terrestrial gravity ct the surfaces of the

two globes are in the proportions of 27 '9 to 1. A pound of

terrestrial matter at the sun's surface, then, would exert a

pressure equal to what 27*9 such pounds would do at the

Tlie density of a matcrinl body is as the must directly, and the volume in-

vewely: hence density of®: density of ®:: jj^i^
* 1 '• 0-2543 : 1.

t Solar gravity t terrestrial :: j^'^jj : ^^r.:'2Td : Ij the respective radii

of the sun and earth being 410000, and 1000 mile

BSgi»WWi« mam. tKl&6tS^>
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earth's. The efficacy of muscular power to overcome Aveight

is therefore proportionally nearly 28 times less on the sun

than on the earth. An ordinary man, for example, would

not only be unable to sustain his own weight on the sun,

but would literally be crushed to atoms under the load.*

(451.) Henceforward, then, we must consent to dismiss

all idea of the earth's unmobility, and transfer that attribute

to the sun, whose ponderous mass is calculated to exhaust

the feeble attractions of such comparative atoms as the earth

and mocn, without being perceptibly dragged from its place.

Their centre of gravity lies, as wo have already hinted,

almost close to the centre of the solar globe, at an interval

quite imperceptible from our distance; and whether wo

regard the earth's orbit as being performed about the one or

the other center makes no appretiable difference in any one

phenomenon of astronomy.

(452.) It is in consequence of the mutual gravitation of

all the several parts of matter, which the Newtonian law

supposes, that the earth and moon, while in the act of

revolving, monthly, in their mutual orbits about their common

center of gravity, yet continue to circulate, without parting

company, in a greater annual orbit round the sun. We may

conceive this motion by conneetmg two unequal balk by a

short stick, which, at their common center of gravity is sus-

pended by a long string and made to gyrate conically round

a point vertically below that of suspension. Their joint system

will circulate as one pendulous mass aboiit this imaginary

center, while yet they may go on circulating round each

other in subordinate gyrations, as if the stick were quite free

from any such tie, and merely huricd through the air. If

the earth alone, and not the mOon, gravitated to the sun, it

would be dragged away, and leave the moon behind—-and

vice versd ; but, acting on both, they continue together under

its attraction, just m the loose parts of the earth's surface

continue to rest upon it It is, then, in strictness, not the

earth or the moon which describes an ellipse around the sun,

but their counnon center of gravity. The effect is to produce

* A mass wiisliing 12 stone or IGSlbs. on the tnrtli would produce a

~ pressure of 4687 lbs, ou tliv &uii.
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a small, but very perceptible, monthly equation in the sun's

apparent motion as seen from the eai-th, which is always

taken into account in calculating the sun's place. The

moon's actual path in its compound orbit round the earth

and sun is an epicycloidal curve intersecting the orbit of the

earth twice in every lunar month, and alternately within and

without it. But as there are not more than twelve such

months in the year, and as the total departure of the moon

from it either way does not exceed one 400th part of the

radius, this amounts only to a slight undulation upon the

earth's tilipse, so slight, indeed, that if drawn in true propor-

tion on a large sheet of paper, nc eye unaided by measurement

with compasses would detect it. The real orbit of the moon

is everywhere concave towards the sun.

(453.) Here moreover, i. e. in the attraction of the sun, wo

have the key to all those differences from an exact elliptic

movement of the moon in her monthly orbit, which we have

already noticed (arts. 407. 409.), viz. to the retrograde revo-

lution of her nodes ; to the direct circulation of the axis of

her ellipse ; and to all the other deviations from the laws of

elliptic motion at which we have further hinted. If the moon

sunply revolved about the earth under the influence cf its

gravity, none of these phenomena would take place. Its

orbit would be a perfect ellipse, returning into itself, and

always lying in one and the same plane. That it is not so, is

a proof that some cause disturbs it, and interferes with the

earth's attraction ; and this cause is no other than the sun's

attraction— or rather, tJiat part of it Avliich is not equally

exerted on the fcarth.

(454.) Suppose two stones, side by side, or otherwise

situated with respect to each other, to be let fall together

;

then, as gravity accelerates them equally, they will retain

their relative positions, and fall together as if they formed

one mass. But suppose gravity to be rather more intensely

exerted on one than the other ; then would that one be rather

more accelerated in its fall, and would gradually leave the

other ; and thus a relative motion between thom would arise

from the difference of action, however slight.

"mm
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(465.) The Bun Is about 400 times more remote than tho

moon; and, inconsequence, while the moon describes her

monthly orbit round the earth, her distance from the sun is

alternately ^^^th part greater and as much less than the

earth's. Small as this is, it is yet sufficient to produce a per-

ceptible excess of attractive tendency of the moon towards

E S

the sun, above that of the earth when in the nearer point of

her orbit, M, and a corresponding defect on the opposite part,

N ; and, in the intermediate positions, not only will a differ-

ence o{forces subsist, but a difference of rfj'recftons also ;
since

however small the lunar orbit M N, it is not a point, and,

therefore, the lines drawn from the sun S to its several parts

cannot be regarded as strictly parallel. If, as we have al-

ready seen, the force of the sun were equally exerted, and in

parallel directions on both, no disturbance of their relative

situations would take place ; but from the non-verification of

these conditions arises a disturbing force, oblique to the lino

joining the moon and earth, which in some situations acts to

accelerate, in others to retard, her elUptic orbitual motion ; in

some to draw the earth from the moon, in others the moon

from the earth. Again, the lunar orbit, though very nearly,

is yet not quite coincident with the plane of the ecliptic ; and

hence the action of the sun, which is very nearly parallel to

the last-mentioned plane, tends to draw her somewhat out of

the plane oi her orbit, and does actually do so—producing

the revolution ofhernodes,and other phenomena less striking.

We are not yet prepared to go into the subject of these per-

turbations, as they are called ; but they are introduced to the

reader's notice as early as possible, for the purpose of re-

assuring his mind, should doubts have arisen as to the logical

con'ectncss of our ailment, in consequence of our temporary

neglect of them while working our way upward to the law

of gravity from a general consideration of the moon's orbit.

i \^
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CHAPTER IX.

OF THE SOLAR SYSTEM.

ArPARENT MOTIONS OP THE PLANETS.— THE STATIONS AND UE-

TROORADATIONS THE SUN THEIR NATURAL CENTER OF MOTION.

INFERIOR PLANETS.—THEIR PHASES, PERIODS, ETC. —DIMEN-

BIONS AND FORM OF THEIR ORBITS.—TRANSITS ACROSS THE SUN.

SUPERIOR PLANETS.—THEIR DISTANCES, PERIODS, ETC.— KEP-

LER'S laws and THEIR INTERl'RETATION. ELLIPTIC ELEMENTS

OF A planet's ORBIT.— ITS HELIOCENTRIC AND GEOCENTRIC

PLACE.—EMPIRICAL LAW OF PLANETARY DISTANCES ;—VIOLATED

IN THE CASE OF NEPTUNE.—THE ASTEROIDS. PHYSICAL PE-

CULIARITIES OBSERVABLE IN EACH OP THE PLANETS.

(456.) The sun and moon are not the only celestial objects

which appear to have a motion independent of that by which

the great constellation of the heavens is daily carried round

the earth. Among the stars there arc several,— and those

among the brightest and most conspicuous, — which, Avhen

attentively watched from night to night, are found to

change their relative situations among the rest ; some rapidly,

others much more slowly. These are called planets. Four

of them— Venus, Mars, Jupiter, and Saturn— are remark-

ably large and brilliant ; another. Mercury, is also visible to

the naked eye aa a large stir, but, for a reason which will

presently appear, is seldom conspicuous : a sixth, Uranue, is

barely so discernible, while the rest of which about fifty are

already known, and probably many more remain to be dis-

covered, are visible only through telescopes*, and with one

exception (that of Neptune) can only be known among the

multitude of minute stars those instruments reveal to us by

watoliiug them from night to night and att^uding to their

• Ono only, Vesta, is said to have been once seen by Sclirotcr with the

nnlitd eye.

U
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clmnges of place. All these have been discovered since the

commencement of the current century, and forty-five of them

Bincc 1844, A list of their names, discoverers, and the dates

of their respective discovery will be found in the Appendix.

All of them but Neptune belong to a peculiar and very re-

markable class or family of planets to which the name of

Asteroids has been assigned.

(457.) The apparent motions of the planets are much more

irregular than those of the sun or moon. Generally speaking,

and comparing their places at distant times, they all advance,

though with very different average or mean velocities, in tho

same direction as those luminaries, i. e. in opposition to the

apparent diurnal motion, or from west to east : all of them

make the entire tour of the heavens, though under very dif-

ferent circumstances : and all of them, with the exception of

certain among the telescopic planets, are confined in their

visible paths witliin very narrow limits on either side tho

ecliptic, and perform their movements within that zone of

the heavens we have called, above, the Zodiac (art. 303.).

(458.) The obvious conclusion from this is, that whatever

be, otherwise, the nature and law of their motions, they are

performed nearly in the plane ofthe ecliptic—that plane, namely,

in which our own motion about the sun is performed. Hence

it follows, that we see their evolutions, not in plan, but in see-.

Hon ; their real angular movements and linear distances being

all foreshortened and confounded undistinguishably, while

only their deviations from the ecliptic appear of their natural

magnitude, undiminished by the effect of perspective.

(459.) The apparent motions of the sun and moon, though

not uniform, do not deviate very greatly from uniformity ; a

moderate acceleration and retardation, accountable for by the

ellipticity of their orbits, being all that is remarked. But

the case is widely different with the planets : sometimes they

advance rapidly ; then relax in their apparent speed— come

to a momentary stop ; and then actually reverse their motion,

and run back upon their former course, with a rapidity at

first increasing, then diminishing, till the reversed or retro-

grade motion ceases altogether. Another station, or moment
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of apparent rest or indecision, now takes place; after which

the movement is again reversed, aud resumes its original di-

rect character. On the whole, however, the amount of direct

motion more than compensates the retrograde ; aud by the ex-

cess of the former over the latter, tho gradual advance of tho

planet from west to cast is maintained . Thus, supjiosing

the Zodiac to be unfolded into a plane surface, (or repre-

sented as in Mercator's projection, art. 283. taking the ecliptic

E C for its ground line, ) the track of a planet when

mapped down by observation from day to day, will offer the

appearance PQUS, &c. ; the motion from P to Q being

direct, at Q stationary, from Q to R retrograde, at 11 again

stationary, from K to S direct, and so on.

(460.) In the midst of the irregularity and fluctuation of

this motion, one remarkable feature of unifonnity is observed.

Whenever the planet crosses the ecliptic, as at N in the

figure, it is said (like the moon) to be in its node ; and as

the earth necessarily lies in the plane of the ecliptic, tho

planet cannot be apparently or uranographically situated in

the celestial circle so called, without being really and locally

situated in that plane. The visible passage of a planet

through its node, then, is fv phenomenon indicative of a cir-

cumstance in its real motion quite independent of the station

from which we view it. Now, it is easy to ascertain, by

observation, when a planet passes from the north to the south

side of the ecliptic : we have only to convert its right ascen-

sions and declinations into longitudes and latitudes, and the

change from north to south latitude on two successive days

will advertise us on what day the transition took place;

while a simple proportion, grounded on the observed state of

its motion ih latitude in the interval, will suffice to fix the

precise hour and minute of its arrival on the ecliptic. Now,
this being done for several transitions from side to side of tho

ecliptic, and their dates thereby fixed, we find, universally.

iininiri

i
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tlmt the interval of time elapsing between the succeftsivo

passaged of each planet through the same :wdc (whether it ho

the ascending or the descending) is always alike, whether the

planet at the moment of such passage bo direct or retrograde,

swift or slow, in its apparent move.nent.

(40 1.) Here, then, wo have a circnmstanco which, wliilo

it shows that the motions of the planets arc in fivct subject to

certain laws and fixed periods, may lead us very naturally to

suspect that the apparent irregularities and complexities of

their movements may be owing to our not seeing them from

their natural center (art. 338, 371.), and from our mixing up

with their own proper motions movements ofa parallactic kind,

due to our own change of place, in virtue of the orbital

motion of the earth about the sun.

(462.) If wc abandon the earth as a center of the planetary

motions, it cannot admit of a moment's hesitation where wo

should place that center with the greatest probability of truth.

It must surely bo the sun which is entitled to the first trial,

as a station to which to refer to them. If it be not connected

with them by any physical relation, it at least possesses the

advantage, which the earth does not, of comparative immo-

bility. But after what has been shown in art. 449., of tho

immense mass of that luminaiy, and of the office it performs

to us as a quiescent center of our orbitual motion, nothing,

can be more natural than to suppose it may perform the same

to other globes which, like the earth, may be revolving round

it ; and these globes may be visible to us by its light reflected

from them, as the moon is. Now there many facts which

give a strong support to the idea that the planets are in this

predicament.

(463.) In thn first place, the planets really are great

globes, of a size commensurate with the earth, and several

of them much greater. When examined through powerful

telescopes, they are seen to be round bodies, of sensible and

even of considerable apparent diameter, and offering distinct

and characteristic peculiarities, which show them to be ma-

terial masses, each possessing its individual structure and

.nechanism ; and that, in one instance at least, an exceedingly
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artificial and com[)lex one. (See the representations of Mars,

Jupiter, and Saturn, in Plate III.) That their distances from

U8 arc great, much greater than that of tho moon, and some

of them oven greater than that of th" sun, we infer, 1st,

from their being occulted by the moon, and 2dly, from tho

smallness of their diurnal parallax, which, even for tho

nearest of them, when most favourably situated, does not

exceed a few seconds, and for the remote ones is almost

imperceptible. From the comparison of the diurnal parallax

of a celestial body, with its apparent semidiameter, we can at

once estimate its real size. For tho i>iu-allax is, in fact,

nothing else than tho apparent semidiameter of the earth as

seen from tho body in question (art. 3.39. et seq.); and, the

intervening distance being the same, the real diameters must

be to each other in the proportion of the apparent ones.

Without going into particulars, it will suffice to state it as e

general result of that comparisou, that the planets are all of

them incomparably smaller than the sun, but some of them
as large as the earth, and others much greater.

(464.) The next fact respecting them is, that their dis-

tances from us, as estimated from tho measurement of their

angular diameters^ are in a continual state of change, period-

ically increasing and decreasing within certain limits, but by

no means corresponding with the supposition of regular

circular or elliptic orbits described by them about the earth

as a center or focus, but miuntaining a constant and obvious

relation to their appai'cnt angular distances or elongations

from the sun. For example ; the apparent diameter of Mars

is greatost when in opposition (as it is called) to the sun, i. e.

when in the opposite part of the ecliptic, or when it comes on

the meridian at midnight,— being then about 18",— but

diminishes rapidly from that amount to about 4", which is its

apparent diameter when in conjunction, or when seen in

nearly the same direction as that luminary. This, and facts

of a similar character, observed with respect to the apparent

diameters of the other planets, clearly point out the sun as

having more than an accidental relation to their movements.

(465.) Lastly, certain of the planets, (Mercury, Venus,

:flr*",'w:''^^«^apw*Wi«J""" '»"
"
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and Mars,) when viewed through tolcscopcfl, exhibit the

appearance of phn^es like those of the moon. Jh's prove-

that they are opaciuo InMlies, shining only by reflected hght,

which ean bo no other than that of the sun'a; not only becaueo

there \b no other Bource of light external to them Bufficiently

powerful, but because the appearance and succession ot the

phases themselvcB are (like their visible diameters) intimately

connected with tlieir elongations from the sua, aa will prc-

eently be shown. r *u

(466.) Accordingly it is found, that, when we refer the

pknetary movements to the sun aa a center, all that api.arent

irrcKularity which they offer when viewed from the earth

disappears at once, and rcBolves itself into one simple and

general law, of which the earth's motion, as explained in a

former chapter, is only a particular case. In order to show

how this happens, let u. take the case of a single planet,

wliich we will suppose to revolve round the sun, in
^

plane

nearly, but not quite, coincident with the ecliptic, but

passing through the sun, and of course intersecting the eclip-

tic iA fixed line, which is the line of the plaucts nodce.

This Une must of course divide its orbit into two segments;

and it is evident that, so long aa the circimistances of the

planet's motion remain otherwise unchanged, the times ot

describing these segments must remain the same. Ihe m-

terval, then, between the planet's quitting either node, and

returning to the same node again, must be that m which it

describes one complete revolution round the sun, or its

periodic time ; and thus we are furnished with a du:ect method

of ascertaining the periodic time of each planet.

(467 ) We have said art. 457.) that the planets make the

entire tour of the heavens under very different circumstances.

This must l.e explained. Two of them-Mercury and VenuB

-- perform this cir. uit evid y as attendants upon the sun,

from whose vicinity they ncor depart 'eyond a certain hmit.

They are seen sometimes to the east, sometunes to the west

of it In the former case they appear conspicuous over the

western horizon, just after sunset, and are called c^-ening

stars: \ enus, especially, appears occasionally in this situation

4SS
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with a dazzling lustri; ; and in favoural)lf> oircimistancoa may
be observed to CJimt a pretty Btn>ii{^^- shailo'.v.* Vv^hen they

happen to be to the west o'' tho sun, they rise licforc thai

luminary in tho morning, and ai)pear over the eastern horizon

m niurning stars: they (io not, however, attain tho same

elongation from the sun. Mercury never attains a greater

angular distance from it than about 29°, while Venus extends

her excursions on either side to about 47°. Wiicn they have

receded from the sun, eaaticartl, to their respectivj distances,

they remain for a time, aa it were, immovable with respect

to it, and arc carried along with it in the ecliptic with a

motion equal to its own ; but presently they begin to approach

it, or, which comes to the same, their motion in longitude

diminishes, and the sun gains upon them. As this approach

goes on, their continuance above the horizon after sunset

becomes daily shorter, till at length they set before the

darkness has become sufficient to allow of their being seen.

For a time, then, they are not seen at all, unless on very

rare occasions, when they are to be observed passing across

the sun's disc as small, round, well-dejined black spots, totally

different in appearance from the solar spots (art. 386. ). These

phenomena arc emphatically called transits of the respective

planets across the sun, and take place when the earth

happens to bo passing the line of their nodes while they are

in that part of their orbits, just as in the account we have

given (art '2.) of a solar eclipso. After li ing thus

confi I mvi.-ible for a time, however, they begin to appear

on tiie other side of the sun, at first showing themselves only

fur a few minutes before sunrise, and gradually longer and

longer aa they recede fr< n him. At this time thoir motion

in longitude is rapidly retrograde. Before they attain their

greatest elongation, however, they become stationary in the

heavens ; but their recess from the sun is still maintained by
the advance of that luminarj along the ecliptic, which

continues to leave them behind, until, having reversed their

It muct be thrown upon a white groun. An open window in a white-
waslicd room is the best exposure. In 'his sUuntioa I have observed not only
the shadow, but the diffracted fringes iiiging its outline.— H. Note to iha

edition of 1833. Venus may often be seen w.th the naked eye in the daytime.

\ 2
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motion, and become s^^m direct, they ax^quire sufficient speed

to commence overtaking him- at which moment they have

their greatest western elongation ; and thus is a kind of oscil-

latory movement kept up, while the general advance along

the ecliptic goes on.
4 * Ti rn th^

(468.) Suppose PQ to be the ecliptic, and A B CD the

orbit of one of these planets, (for instance, Mercury,) seen

ahnost edgewise by an eye situated very nearly m its plane

;

S, the sun, its centre ; and A,B,C,D successive positions of

the planet, of which B andD are in the nodes. If, then, the

sun S stood apparently still in the ecliptic, the planets would

simply appear to oscillate backwards and forwards from A to

C, alternately passing before and behind the sun; and, it the

eye happened to He exactly in the plane of the orbit, transji-

inn his disc in the former case, and being covered by it m the

latter. But as the sun is not so stationary, but apparently

carried along the ecliptic PQ, let it be supposed to move

over the spax^es ST, TU, UV, while the planet m each case

executes one quarter of its period. Then will its orbit be

apparently carried along with the sun, into the successive

positions represented in the figure : and while its real «iotion

round the sun brings it into the respective pomts, 13,U,U,A,

its apparent movement in the heavens will seem to have been

along the wavy or zigzag Une ANHK. In this, its motion

in longitude will have been direct in the parts A N, N H, and

retro^ade in the parts H n K ; while at the turns of the zig-

zag, as at H, it will have been btationary.

(469.) The only two planets - Mercury and Venus—
whose evolutions are such as above described, are called

inferior planets; their points of farthest recess from the sun

are called (as above) their greatest eastern and western chn-

nations; and their points of nearest approach to it, their

inferior and superior conjunctions, -the former when the
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(470.) In art. 467. we have traced the apparent path of an

inferior planet, by considering its orbit in section, or as

viewed from a point in the plane of the ecliptic. Let us

now contemplate it in plan, or as viewed from a station above

that plane, and projected on it. Suppose then, S to represent

the sun, abed the orbit of Mercury, and A B C D a part of

that of the earth— the direction of the circulation being the

same in both, viz. that of the arrow.

When the planet stands at a, let the

earth be situated at A, in the direction

of a tangent, a A, to its orbit ; then

it is evident that it will appear at its

greatest elongation from the sun,— the

angle a A S, which measures their ap-

parent interval as seen from A, being

then greater than in any other situation of a upon its own
circle.

(471.) Now, this angle being known by observation, wo
are hereby furnished with a ready means of ascertaining, at

least approximately, the distance of the planet from the sun,

or the radius of its orbit, supposed a circle. For the triangle

S A a is right-angled at a, and consequently we have S a :

S A : : sin. S A a : radius, by which proportion the radii S a,

S A of the two orbits are directly compared. If the orbits

were both exact circles, this would of course be a perfectly

rigorous mode ofproceeding : but (as is proved by the inequality

of the resulting values of S a obtained at different times) this

is not the case ; and it becomes necessary to admit an excen-

tricity of position, rnd a deviation from the exact circular

form in both orbits, to accoimt for this difference. Neglecting,

however, at present this inequality, a mean or average value

of S a may, at least, be obtained from the frequent repetition

of this process in all varieties of situation of the two bodies.

The calculations being performed, it is concluded that the

mean distance of Mercury from the sun is about 36000000

miles ; and that of Venus, similarly derived, about 68000000 ;

the radius of the earth's orbit being 95000000.
•« 3
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(472.) The sidereal periods of the planets may be obtained

(as before observed), with a considerable approach to accuracy,

by observing their passages through the nodes of their orbits

;

and indeed, when a certain very minute motion of these nodes

and the apsides of their orbits (similar to that of the moon's

nodes and apsides, but incomparably slower) is allowed for,

with a precision only limited by the imperfection of the ap-

propriate observations. By such observation, so corrected, it

appears that the sidereal period of Mercury is 87'^ 23»> 15"

43-9' ; and that of Venus, 224^ 16'' 49° 80». These periotls,

however, are widely different from the intervals at which the

successive appearances of the two planets at their eastern and

western elongations from the sun are observed to happen.

Mercury is seen at its greatest splendour aa an evening star,

at average intervals of about 116, and Venus at intervals of

about 584 days. The difference between the sidereal and syno-

dical revolutions (art. 418.) accounts for this. Keferring again

to the figure of art. 470., if the earth stood still at A, while

the planet advanced in its orbit, the lapse of a sidereal period, ,

which should bring it round again to a, would also produce a

Bunilar elongation from the sun. But, meanwhile, the earth

has advanced in its orbit in the same direction towards E, and

therefore the next greatest elongation on the same side of the

Bun will happen— not in the position a A of the two bodies,

but in some more advanced position, e E. The detemination

of this position depends on a calculation exactly similar to

what has been explained in the article referred to; and

we need, therefore, only here state the resulting synodical

revolutions of the two planets, which come out respectively

115-877*, and 583-9aO'».

(473.) In this interval, the planet will have described a

whole revolution plus the arc a c c, and the earth only the arc

A C E of its orbit. During its lapse, the inferior conjunction

will happen when the earth has a certain intennediate situa-

tion, B, and the planet has reached h, a point between the

sun and earth. The greatest elongation on the opposite side

of the sun will happen when the earth has come to C, and

the planet to c where the line of jvmction C c is a tangent
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to the Ulterior circle on the opposite side from M. Lastly,

the superior conjunction will happen when the earth arrives

at D, and the planet at d in the same line prolonged on the

other side of the sun. The intervals at which these pha5uo-

mena happen may easily be computed from a knowledge of

the synodical periods and the radii of the orbits.

(474.) The circumferences of circles are in the proportion

of their radii. If, then, we calculate the circumferences of

the orbits of Mercury and Venus, and the earth, and com-
pare, them with the times in which their revolutions aro

performed, we shall find that the actual velocities "with which

they move in their orbits differ greatly ; that of Mercury
being about 109360 miles per hour, of Venus 80000, and of

the earth 68040. From this it follows, that at the inferior

conjunction, or at b, either planet is moving in the some direc-

tion as the earth, but with a greater velocity ; it will, there-

fore, leave the earth behind it ; and the apparent motion of

the planet viewed from the earth, will be as if the planet

stood still, and the earth moved in a contrary direction from

what it really does. In this situation, then, the apparent

motion of the planet must be contrary to the apparent

motion of the sun ; and, therefore, retrograde. On the other

hand, at the superior conjunction, the real motion of the

planet being in the opposite direction to that of the earth, the

relative motion will be the same as if the planet stood still,

and the earth advanced with their united velocities in its own
proper direction. In this situation, then, the apparent motion

will be direct. Both these results are in accordance with

observed fact.

(475.) The stationary points may be determined by the

following consideration. At a or c, the points of greatest

elongation, the motion of the planet is directly to or from

the eairth, or alonff their line of junction, while that of the

earth is nearly perpendicular to it. Here, then, the apparent

motion must be direct. At b, the inferior conjunction, we
have seen that it must be retrograde, owing to the planet's

motion (which is there, an well as the earth's, perpendicular

to the line of junction) surpassing the earth's. Heuce, the
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Btationary points ought to lie, as it is found by observation

they do, between a and b, or c and h, viz. in such a position

that the obliquity of the planet's motion with respect to the

line of junction shall just compensate for the excess of its

velocity, and cause an equal advance of each extremity of

that line, by the motion of the planet at one end, and of the

earth at the other : so that, for an instant of time, the whole

line shall move parallel to itself. The question thus proposed

is purely geometrical, and its solution on the supposition of

circular orbits is easy. Let E e and P p represent small

arcs of the orbits of the earth and planet described contem-

poraneously, at the moment when the latter appears stationary,

about S, the sun. Produce p P and e E, tangents at P
and E. to meet at R, and prolong E P backwards to Q, join

ep. Then since P E, /) e are parallel we have by similar

triangles P/>:Ec::PR:RE, and since, putting « and V
for the respective velocities of the planet and the earth,

P ^ : E e :: u : V ; therefore

w: V::PR:RE ::8m. PER : siaEPR
::cos. SEP : cos. SPQ
::cos. SEP : cos. (SEP +E SP)

because the angles SE R and S P R are right angles. More-
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over, if r and R be the radii of the respective orbits, wc have

also

r : R::8ln. SEP : sin, (SEP +E SP)

from which two relations it is easy to deduce the values of

the two angles SEP and ESP; the former of which is the

apparent elongation of the planet from the sun*, the latter

the difference of heliocentric longitudes of the earth and

planet.

(476.) When we regard the orbits as other than circles

(which they really are), the problem becomes somewhat com-

plex— too much so to be here entered upon. It will suffice

to state the results which experience verifies, and which

assigns the stationary points of Mercury at from 15'^ to 20°

of elongation from the sun, according to circumstances ; and

of Venus, at an elongation never varying much from 29°.

The former continues to retrograde during about 22 days

;

the latter, about 42.

(477.) "We have said that some of the planets exhibit phases

like the moon. This is the case with both Mercury and

Venus ; and is readily explained by a consideration of their

orbits, such pa we have above supposed them. In fact, it

requires little more than mere inspection of the figure annexed,

to show, that to a spectator

situated on the ea:.'th E, an

inferior planet, illuminated

by the sun, and therefore

bright on the side next to

him, and dark on that tiun-

ed from him, will appear

full at the superior con-

junction A ; gibbous (i. e. more than half full, like the moon
between the first and second quarter) between that point and

the points B C of its greatest elongation ; half-mooned at

these points ; and crescent-shaped, or homed, between these

R V
• If —=m and - =>;, SEP= ^, £SFs:i/(, tlie equations to be resolved arc

»iit. (<»+4')= ''» "*"• ^» ""'1 ""*• (t + "/')= » **»• "I'jV'hich give cot, if(= -t
m + M
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and the inferior conjunction D. As it approachca tliis point,

the crescent ought to thin off till it vanished altogether, ren-

dering the planet invisible, unless in those cases where it

transits the sun's disc, and appears on it as a black spot. All

these phenomena are exactly conformable to observation.

(478.) The variation in brightness of Venus in different

parts of its apparent orbit is very remarkable. This arises

from two causes : let, the varying proportion of its visible

illuminated area to its whole disc ; and, 2dly, the vaiying

angular diameter, or whole apparent magnitude of the disc

itself. As it approaches its inferior conjunction from its

greater elongation, the half-moon becomes a crescent, which

thins off; but this is more than compensated, for some time,

by the increasing apparent magnitude, in consequence of its

diminishing distance. Thus the total light received from it

goes on increasing, till at length it attains a maximum, which

takes place when the planet's elongation is about 40°.

(479.) The transits of Venus are of very rare occurrence,

taking place alternately at the very unequal but regularly

recurring intervals of 8, 122, 8, 105, 8, 122, &c., years in

succession, and always in June or December. As astronomical

phajnomena, they are extremely important ; since they afford

the best and most exact means we possess of ascertaining the

sun's distance, or its parallax. Without going into the niceties

of calculation of this problem, which, Ot^ingto the great mul-

titude of circumstances to be attended to, arc extremely

intricate, we shall here explain its principle, which, in the

abstract, is very simple and obvious. Let E be the earth,

V Venus, and S the sun, and C D the portion of Venus's

relative orbit which she describes while in the act of transiting

the sun's di-*c. Suppose A B two spectators at opposite ex-

tremities of that diameter of the earth which is perj)endicular

to the ecliptic, and, to avoid complicating the case, let us lay

out of consideration the earth's rotation, and suppose A, B, to

retain that situation during the whole time of the transit.

Then, at any moment when the spectator at A sees the center

of Venus projected at a on the sun's disc, he at B will see it

projected at h. If then one or other spectator could suddenly
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transport himself from A to B, he would see Venus suddenly

displaced on the disc from a to b ; and if he had any means of

noting ..ccuratoly the place of the points on the disc, either
'

by micrometrical measures from its edge, or by other means,

he might ascertain the aftgular measure of o 6 as seen from

the earth. Now, since AY a, BY 0, are straight lines,' and

therefore make equal angles on each side Y, a b will be to A
B as the dlotance of Venus from the sun is to its distance from

the earth, or as 68 to 27, or nearly as 2^ to 1 ; ah therefore

occupies on the sun's disc a space 2^ times as great as the

earth's diameter ; and its angular measure is therefore equal

to about 2^ times the earth's apparent diameter at the distance

of the Run, or (which is the same thing) to five times the sun's

horizcmtal parallax (art. 298.). Any error, therefore, which

may be committed m measm-ing a b, will entail only onejifth

of that error on the horizontal parallax concluded from it.

(480.) The thing to be ascertained, therefore, is, in fact,

neither more nor less than the breadth of the zone P Q R S,

pqr s, included between the extreme apparent paths of the

center of Venus across the sun's disc, from its entry on one

side to its quitting it on the other. The whole business of

the observers at A, B, therefore, resolves itself into this ;— to

ascertain, with all possible care and precision, each at his own
station, this path,—where it entera, where it quits, and what

segment of the sun's disc it cuts oiF. Now, one of the most

exact ways in which (conjoined with careful micrometric

measures) this can be done, is by noting the time occupied in

the whole transit : for the relative angular motion of Venus,

being, in fact, very precisely known from the tables of her

motion, and the apparent path being very nearly a straight

line, these times give us a measure {on a very enlarged scale)

of the lengtlis of the chords of the segments cut off; and the
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sun'a diameter being known also with great precision, their

versed sines, and therefore their difference, or the breadth of

the zone required, becomes known. To obtain these times

correctly, oach observer must ascertain the instants of ingress

and egress of the center. To do this, he must note, 1st, the

instant when the first visible impression or notch on the edge

of the disc at P is produced, or the Jirst external contact;

2dly, when the planet is just wholly immersed, and the

broken edge of the disc just closes again at Q, or the first

interna/ contact; and, lastly, he must make the same observa-

tions at the egress at R, S. The mean of the internal and

external contacts, corrected for the curvature of the sun's

limb in the intervals of the respective points of contact, in-

ternal and extcrnn,l, gives the entry and egress of the planet's

center.

(481.) The modifications introduced into this process by the

earth's rotation on its axis, and by other geographical stations

of the observers thereon than here supposed, are similar in

their principles to those which enter into the calculation of a

solar eclipse, or the occultation of a star by the moon, only

more refined. Any consideration of them, howevei*, here,

would lead us too far ; but in the view we have taken of the

subject, it affords an admirable example of the way in wluch

minute elements in astronomy may become magnified in their

eflfects, and, by being made subject to measurement on a

greatly enlarged scale, or by substituting the measiu'e of time

for space, may be ascertained with a degree of precision

adequate to every purpose, by only watching favourable

opportunities, and taking advantage of nicely adjusted com-

binations of circumstance. So important has this observation

appeared to astronomers, that at the last transit of Venus, in

1769, expeditions were fitted out, on the most efficient scale,

by the British, French, Kussian, and other governments, to

^
the remotest corners of the globe, for the express purpose of

performing it. The celebrated expedition of Captain Cook
to Otaheite was one of them. The general result cf all the

observations made on this most memorable occasion gives

8''5776 for the sun's horizontal parallax. The two next
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occurrences of this phuonomcnon will hapj[»en on Dec. 8. 1874

and Dec. 6. 1882.

(482.) The orbit of Mercury is very elliptical, the cx-

centricity being nearly one fourth of the mean distance.

This appears from the inequality of the greatest elongations

from the sun, as observed at dittcrent times, and which vary

between the limits 16° 12' and 28° 48', and, from exact

measures of such elongations, it is not difficidt to show

that the orbit of Venus also is slightly exccntric, and that

both these planets, in fact, describe ellipses, having the

sun in their commom focus.

(483.) Transits of Mercury over the sun's disc occasionally

occur, as in the case of Venus,, but more frequently; those

at the ascending node in November, at the descending in

May. The intervals (considering each node separately) arc

usualli/ either 13 or 7 years, and in the order 13, 13, 13, 7,

&c, ; but owing to the considerable inclination of the orbit

of Mercury to the ecliptic, this cannot be taken as an

exact expression of the said recun'cnce, and it requires a

period of at least 217 years to bring round the transits in

regular order. One will occur in the present year (1848),

the next in 1861. They are of much less astronomical

importance than that of Venus, on account of the proximity of

Mercury to the sun, which aifords a much less favourable

combination for the determination of the sim's parallax.

(484.) Let us now consider the superior planets, or those

whose orbits enclose on all sides that of the earth. That

they do so is proved by several circumstances : — 1st, They

are not, like the inferior planets, confined to certain limits

of elongation from the sun, but appear at all distances from

it, even in the opposite quarter of the heavens, or, as it is

called, in opposition; which could not happen, did not the

earth at such times place itself between them and the sun

:

2dly, They never appear horned, like Venus or Mercury,

nor even semilunar. Those, on the contrary, which, from

the minuteness of their parallax, we conclude to be the most

distant from us, viz. Jupiter, Saturn, Uranus, and Neptune,

never appear otherwise than round; a sufficient proof, of

I if

1
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itself, that wo eeo thcin always in a direction not very

remote from that in which the sun's rays ilhiniinatc them ;

and that, therefore, wo occupy a station which i? never very

widely removed from the centre of their orbits, or, in other

wonls, that the earth's orbit is entirely enclosfd within theirs,

and of comparatively small diameter. One only of them.

Mars, exhibits any ]>oreeptible phase, and in its deficiency

from a circular outliiu!, never surjjasses a moderately (jihbous

appearance,— the enlightened jwrtion of the disc being

never less than soven-eightlis of the v/holo. To understand

this, wc need only cast our eyes on the annexed figure, in

which E is the earth, at its appareat greatest elongation

from the sun S, as seen from Mars, M. In this position,

the angle SM E, included between the lines

S M and E M, is at its maximum ; and there-

fore, in this state of things, a spectator on the

earth is enabled to sec a greater portion of

the dark hemisphere of Mars than in any other

situation. The extent of the pliase, then, or

greatest observable degree of gibbosity, affords

a measure— a sure, although a coarse and rude

one— of the angle SM E, and therefore of the

proportion of the distance S M, of Mars, to

S E, that of the earth from the sun, by which

it appears that the diameter of the orbit of

Mars cannot be less than 1^ times that of the

earth's. The phases of Jupiter, Saturn, Uranus, and Nep-

tune, being imperceptible, it follows that their orbits must

include not only that of the earth, but of Mars also.

(485.) All the superior planets are retrograde in their

apparent motions when in opposition, and for some time

before and after ; but they differ greatly from each other,

both in the extent of their arc of retrorradation, in the

duration of their retrograde movement, and in its rapidity

when swiftest. It is more extensive and rapid in the case

of Mars than of Jupiter, of Jupiter than of Saturn, of that

planet than of Uranus, and of Uranus again than Neptune.

The angular velocity with which a planet appears to re-
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trogratlc is easily aacertaincd by observing its apparent
place in the heavens from day to day; and from such
observations, matle about the time of opposition, it is easy

to conclude the relative magnitudes of their orbits, aa

compared with the earth's, suppoi^ing their periodical times

known. For, from these, their mean angular velocities aro

known also, being inversely aa the times. Suppose, then,

E e to be a very small por-

tion of the earth's orbit,

and M m a corresponding

portion of that of a superior planet, described on the day
of opposition, about the sun S, on which day the three

bodies lie in one straight line S E M X. Then the angles
E S e and M S m aro given. Now, if e m be joined and
prolonged to meet SM continued in X, the angle cXE,
which is equal to the alternate angle X e Y, is evidently

the retrogradation of Mara on that day, and is, therefore,

also given. E e, therefore, and tho angle E X e, being given
in the right-angled triangle E c X, the side E X is easily

calculated, and thus S X becomes known. Consequently,
in the triangle S wi X, we have given the side S X and the
two angles m S X, and m X S, whence the other sides, S m,
m X, aro easily determined. Now, S in is no other than the
radius of the orbit of the superior planet required, which in

this calcul ition is supposed circular, as well as that of the
earth ; 9 supposition not exact, but sufficiently so to afford a
satisfactory approximation to the dimensions of its orbit, and
which, if the process be often repeated, in every variety of
situation at which the opposition can occur, will ultimately

afford an av srage or mean value of its diameter fiilly to bo
depended upon.

(486.) To apply this principle, however, to practice, it

is necessary to know the period! times of the several planets.

These may be obtained directly, as has been already stated,

by observing the intervals of the'v passages through the
ecliptic;- but, owing to the very small inclination of the
orbits of some of them to its plane, they cross it so obliquely
that the precise moment of their arrival on it is not ascer-

m0r
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tiiituiblc, unless by very nice observations. A better method

conflists in detcnnining, from the observations of several

Bucccssivc days, the exact moments of their arriving in oppo-

tition with the sun, the criterion of whicli is a ditt'ercnce of

longitudes between the sun and jjlanet of exactly 180°.

The interval between successive opfjositions thus obtained

is nearly one synodkul period; and would be exactly so,

were the planet's orb-t and that of the earth both circlen,

and unifonnly described ; but aa that is found not to be the

case (and the criterion is, the incqualitij of successive syno-

dical revolutions so observed), the average of a great

nmnber, taken in all varieties of situation iu whicli the

oppositions occur, will be freed from the elliptic inequality,

and may be taken as a mean si/nodical period. From this,

by the considerations and by the process of calculation, in-

dicated (art. 418.) the sidereal periods are readily obtained.

The accuracy of this detcnnination will, of course, be greatly

increased by embracing a long interval between the ex-

treme observations employed. In point of fact, that Interval

extends to nearly 2000 years in the ciiaes of the i)lanets

known to the ancients, who have recorded their observations

of them in a manner sufficiently careful to be made use of.

Thcii- periods may, therefore, be regarded as ascertained

with the utmost exactness. Their numerical values will

be found stated, aa well as the mean distances, and all the

other elements of the planetary orbits, in the synoptic table at

the end of the volume, to wliich (to avoid repetition) the

reader is once for all referred.

(487.) In casting our eyes down the list of the planetary

distances, and comparing them with the periodic times, we can-

not but be struck with a certain correspondence. The greater

the distance, or the larger the orbit, evidently the longer the

period. The order of the planets, beginning from the sun, is

the same, whether we arrange them according to their dis-

tances, or to the time they occupy in completing their revolu-

tions; and is as follows :— Mercury, Venus, Earth, Mars,

the recently discovered family of Asteroids, Jupiter, Suturi..

t

m.
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Earth, Mars,

ipiter, Saturn.

UranuB, and Neptune. Nevcrthclcsa, when wo come to

examine llin numbers expressing them, we find that the re-

lation between the two scriea is not that of simplu pro-
portional increaue. The periods increiuso more timn in pro-
portion to the distances. Thus, the period of Mercury
is about 88 days, and that of the Earth 305 — being in

proportion us I to 4-15, while their distances n o in the
less proportion of 1 to 2-5(5 ; and a similar remark holds
good in every instance. Still, the ratio of incrca^io of the
times ia not so rapid as that of the aqimres of the distances.

The 8((uarc of 2-56 ia 6-5536, which is conisiderably greater
than 4 15. An intermediate rate of increase, between the
simple proportion of the distances and that of their squares
is tlioreforo cb-arly pointed out by ihe sequence of the

numbers ; bu*^^ -quired no oi-dinary penetration in the
illustrious K j .>r, b.*<Ved by uncommon perseverance and
industry, at a neriod hen the data themselves were in-

volved m obs u iiy, a in when the processes of trigonometry
and of numerica ' >

. .li*tion were encumbercjd with liflficulties,

of which the more recent invention of logarithmic tables

luw happily left ua no conouption, to perceive and demonstrate
the real law of theu- connection. This connection is ex-
pressed in the following proposition:— "The squares of
the periodic times of any two planets are to each other, iu
the same proportion aa tie cubes of theur mean distances
from the sun." Take, for example, the Earth and Mar> *,

whose periods are in the proportion of 3652564 to 6869796,
and whose distance from the sun is that of 100000 to 152369

;

and it will be found, by any one who will take the trouble
to go through the calculation, that—

(3652564)' : (6869796/ ::(100000)» : (1J2369

(488.) Of all the laws to which induction fron. pure
observation has ever conducted man, this third law (as it ia

called) of Kepler may justly be regarded as the most rcmark-

• The expression of this law of Kepler requires a sliglit modiHcation wlien
we come to the extreme nicety of numerical calculation, (or the greater planeCL
due to the influence of thiir masses. This correction is imperceptible for the
Earth and Mars.
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able, and the most pregnant with important consequences.

When we contemplate the constituents of the planetary-

system from the point of view which this relation affords us,

it is no longer mere analogy which strikes us— no longer

a general resemblance among them, as individuals independent

of each other, and cu-culating about the sun, each according

to its own peculiar nature, and connected with it by its own

peculiar tie. The resemblance is now perceived to be a

true family likeness; they are bound up in one chain

—

interwoven in one web of mutual relation and harmonious

agreement— subjected to one pervaxling influence, which

extends from the centre to the farthest limits of that great

system, of which all of them, the earth included, must hence-

forth be regarded as members.

(489.) The laws of elliptic motion about the sun as a

focus, and of the equable description of areas by lines

joining the sun and planets, were originally estabUshed by

Kepler, from a consideration of the observed motions of

Mars; and were by him extended, analogically, to all the

other planets. However precarious such an ci.tension might

then have appeared, modern astronomy has completely verified

it as a matter of fact, by the general coincidence of its results

with entire series of observations of the apparent places of

the planets. These are foiind to accord satisfactorily with

the assumption of a particular elhpse for each planp*; whose

magnitude, degree of excentricity, and situation in space,

are nuv ^rically assigned in the synoptic table before referred

to. It is true, that when observations are carried to a high

degree of precision, and when each planet is traced through

many successive revolutions, and its history carried back, by

the aid of calculations founded on these data, for many

centurips, we loam to regard the laws of Kepler as only

first approximations to the much more complicated ones

wJiJ' h actually prevail ; and that to bring remote observations

into rigorous and mathematical accordance with each other,

and at the same time to retain the extremely convenient

nomenclature and relations of the elliptic system, it

becomes necessary to modify, to a certain extent, our verbal
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expression of the laws, and to regard the numerical data or
elliptic elements of the planetary orbits as not absolutely
permu.ent, but subject to a series of extremely slow
and ahnost imperceptible changes. These changes may be
neglected when we consider only a few revolutions; but
going on from centuiy to century, and continually accumu-
lating, they at leufrth produce material departures in the
orbits from their original state. Their explanation will form
the subject of a subsequent chapter ; but for the present we
must lay them out of consideratior. , as of an order too
minute to affect the general conclusions with which we are
now concerned. By what means astronomers are enabled to
compare the results of the elliptic theory with observation,
and thus satisfy themselves of its accordance with nature,
will be explained presently.

(490.) It will first, however, be proper to point out what
particular theoretical conclusion is involved in each of the
three laws of Kepler, considered as satisfactorily estabhshed,—what indication each of them, separately, affords of the
mechanical forces prevalent in oiu- system, and the mode in

which its parts are connected,— and how, when thus con-
sidered, they constitute the basis on which the Newtonian
explanation of the mechanism of the heavens is mainly
supported. To begin with the first law, that of the equable
description of areas.— Since the planets move in curvilinear
paths, they must (if they be bodies obeying the laws of
dynamics) be deflected from theur otherwise natural recti-

linear progress by force. And from this law, taken as a
matter of observed fact, it follows, that the direction of such
force, at every point of the orbit of each planet, always
passes through the sun. No matter from what ultimate cause
the power which is called gravitation originates,— be it a
virtue lodged in the sun as its receptacle, or be it pressure
from without, or the resultant of many pressures or
solicitations of unknown fluids, magnetic or electric ethers,

or impulses,— still, when finally brought under our con-
templation, and summed up into a single resultant energy
its direction is, f.om every point on all sides, towards the

I' 2'
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gurCs center. As an abstract dynamical proposition, the

reader will find it demonstrated by Newton, in the first

proposition of the Principia, with an elementary simplicity

to which we really could add nothing but obscurity by

amplification, that any body, urged towards a certain central

point by a force continually directed thereto, and thereby

deflected into a curvilinear path, will describe about that

center equal areas in equal times : and vice versA, that such

equable description of areas is itself the essential criterion of

a continual direction of the acting force towards the center

to which this character belongs. The first law of Kepler,

then, gives us no information as to the nature or intensity of

the force urging the planets to the sun ; the only conclusion

it involves is, that it does so urge them. It is a property

of orbital rotation under the influence of central forces

generally, and, as such, we daily see it exemplified in a

thousand familiar instances. A simple experimental illus-

tration of it is to tie a bullet to a thin string, and, having

whirled it round with a moderate velocity in a vertical plane,

to draw the end of the string through a small ring, or allow

it to coil itself round the finger, or round a cylindrical rod

held very finnly in a horizontal position. The bullet will

then approach the center of motion in a spiral line ; and the

increase not only of its angular but of its Unear velocity, and

the rapid diminution of its periodic time when near the

center, will express, more clearly than any words, the compen-

sation by which its uniform description of areas is maintained

under a constantly diminislung distance. If the motion be

reversed, and the thread allowed to uncoil, beginning with a

rapid impulse, the velocity will diminish by the same degrees

as it before increased. The increasing rapidity of a dancer's

pirouette, as he draws in his limbs and straightens his whole

person, so as to bring every part of his frame as near as

possible to the axis of his morion, is another instance where

the connection of the observed eflfect with the central force

exerted, though equally real, is much less obvious.

(491.) The second law of Kepler, or that which asserts

that the planets describe ellipses about the sun as their focus,
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involves, as a consequence, the law of solar gravitation (so be
it allowed to call the force, whatever it be, which urges them
towirds the sun) as exerted on each individual planet, apart
from all connection with the rest A straight line, dynamic-
alh' speaking, is the only path wliich can be pursued by a
body absolutelyfree, and under the action of no external force.

All deflection into a curve is evidence of the exertion of a
force

; and the greater the deflection in equal times, the
more intense the force. Deflection from a straight line

is only another word for curvature of path ; and as a circle

is characterized by the uniformity of its curvatures in all its

parts— so is every other curve (as an elhpse) characterized
by the particular law which regulates the increase and
duninution of its ciu-vature as we advance along its circum-
ference. The deflecting force, then, which continually bends
a moving body into a curve, may be ascertained, provided
its durection, in the first place, and, secondly, the law of cur-
vaturr of the curve itself, be known. Both these enter as

elements into the expression of the force. A body may
describe, for instance, an eUipse, under a great variety of
dispositions of the acting forces: it .la^ ghde along it, for

example, as a bead upon a polished wire, bent into an elliptic

form; in which case the acting force is always perpendicular
to the wire, and the velocity is uniform. In this case the
force is directed to no fixed center, and there is no equable
description of areas at all. Or it may describe it as we
may see done, if we suspend a ball by a very long string,

and, drawing it a little aside from the perpendicidar, throw
it round with a gentle impulse. In this case the acting force

is directed to the center of the ellipse, about which areas are

described equably, and to which a force proportional to the

distance (the decomposed result of terrestrial gravity) per-

petually urges it. * This is at once a very easy experiment,

and a very instructive one, and we shall again refer to it.

In the case before us, of an ellipse described by the action of

• If the suspended body be a vessel full of fine sand, having a small hole at
its bottom, the elliptic trace of its orbit will be left in a sand streak on a table
placed below it This neat illustration is due, to the best of my knowledge, to
Mr. Babbagc.

y 3
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a force directed to the focus, the steps of the investigation

of the law of force are these: 1st, The law of the areas

determines the actual velocitij of the revolving body at every

point, or the space really run over by it in a given minute

portion of time; 2dly, Tlie law of curvature of the ellipse

determines the linear amount of deflection from the tangent

in the direction of the focus, which corresponds to that space

eo run over ; 3dly, and lastly, The laws of accelerated motion

declare that the intensity of the acting force causing such

deflection in its own direction, is measured by or proportional

to the amount of that deflection, and may therefore be cal-

culated in any particular position, or generally expressed by

geometrical or algebraic symbols, as a law independent of

particular positions, when that deflection is so calculated or

expressed. We have here the spirit of the process by which

Newton has resolved this interesting problem. For its

geometrical detail, we must refer to the 3d section of his

Principia. We know of no artificial mode of imitating this

species of elliptic motion ; though a rude approximation to it

— enough, however, to give a conception of the alternate ap-

proach and recess of the revolving body to and from the focus,

and the variation of its velocity—may be had by suspending

a small steel bead to a fine and very long silk fibre, and

setting it to revolve in a small orbit round the pole of a

powerful cylindrical magnet, held upright, and vertically

xmder the point of suspension.

(492.) The tliird law of Kepler, which connects the dis-

tances and periods of tlie planets by a general rule, bears

with it, as its theoretical interpretation, this important con-

sequence, viz. that it is one and the same force, modified only

by distance from the sun, which retains all the planets in

their orbits about it. That the attraction of the sun (if such

it be) is exerted upon all the bodies of our system indiffer-

ently, without regard to the peculiar materials of which

they may consist, in the exact proportion of their inertias, or

quantities of matter ; that it is not, therefore, of the nature

of the elective attractions of chemistry or of magnetic action,

which is powerless on other substances than iron and some

«tl
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one or two more, but is of a more universal character, and
extends equally to all the material constituents of our system,
and (as wo shall hereafter see abundant reason to admit) to

those of other systems than our own. This law, important

and general as it is, results, as the sunplest of corollaries, from
tlie relations established by Newton in the section of the

Frincipia referred to (Prop, xv.), from which proposition it

results, that if the earth were taken from its actual orbit, and
launched anew in space at the place, in the direction, and
with the velocity of any of the other planets, it would de-

scribe the very same orbit, and in the same period, which
that planet actually does, a minute correction of the period

only excepted, arising from the difference between the

mass of the earth and that of the planet. Small as the

planets are compared to the sun, some of them are not, aa

the earth is, mere atoms in the comparison. The strict

wording of Kepler's law, as Newton has proved in his fifty-

ninth proposition, is applicable only to the case of planets

whose proportion to the central body is absolutely inappre-

tiable. When this is not the case, the periodic time is

shortened in the proportion of the square root of the number
expressing the sun's mass or inertia, to that of the sum of

the numbers expressing the masses of tlie sun and planet

;

and in general, whatever be the masses of two bodies revolv-

ing round each other under the influence of the Newtonian law
of gravity, the square of their periodic tune will be expressed

by a fraction whose numerator is the cube of their mean
distance, i. e. the greater semi-axis of their elliptic orbit,

and whose denominator is the sum of their masses. When
one of the masses is incomparably greater than the other,

this resolves into Kepler's law ; but when this is not the

case, the proposition thus generalized stands in lieu of that

law. In the system of the sun and planets, however, the

numerical correction thus introduced into the results of

Kepler's law is too small to be of any importance, the mass
of the largest of the planets (Jupiter) being much less than

a thousandth part of that of the sun. We shall presently,

however, perceive all the importance of this gencralizatioa,

when we come to speak of the satellites.

Y 4
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(493.) It will first, however, be proper to explain by wliut

process of calculation the expression of a planet's elliptic

orbit by its elements can be comnare<l n lih observation, and

how we can satisfy ourselves that the numeric il xlatn con-

tained in a table of such elements for tlij whole system f'oes

really exhibit a true picture of it, and aflTur'l the m<.\.n of

determining its state at c • ry instaav. of time, by tho mere

applic!\tion of Kepler's lawt'. Now, for each planet, it is

necessui-y for thid psa-nose to know, 1st, the magnitude and

form of i I? ellipse ; 2<\iy, the situation of this ellipse in space,

with rcapect to the ecli{)tic, and to a fixed line drawn therein

;

3dly, the local situation of die pkuet in its ellipse at some

known epoch, and its periodic, tirr;e or me&n iUi'jular velocity,

or, as it is called, its mean r.sotivn:

(494.) Th<' magnitude and form of aa ellipse are deter-

mined by iU greatest length and least breadth^ or its two

principal axes ; but for astronomical uses it is preferable to

use the semi-axis major (or h .If the greatest length), and

the excentricity or distance of the focus from the center,

which last is usually estimated h) parts of the former. Thus,

an ellipse, whose length is 10 and nreadth 8 parts of any scale,

has for its major semi-axis 5, and far its excentricity 3 such

parts ; but when estimated in parts of the semi-axis, regarded

as a unit, the excentricity is expressed by the fraction ^.

(495.) The ecliptic is the plane to which an inhabitant of

the earth most naturally refers the rest of the solar system,

as a sort of ground-plane ; and the axis of its orbit might be

tfiken for a line of departure in that plane or origin of angular

reckoning. Were the axis Jixed, this would be the best

possible origin of longitudes ; but as it has a motion (though

an excessively slow one), there is, in fact, no advantage in

reckoning from the axis more than from the line of the

equinoxes, and astronomers therefore prefer the latter, taking

account of its variation by the effect of precession, and re-

storing it, by calculation at every instant, to a fixed position.

Now, to determine the situation of the ellipse described by

a planet with respect to this plane, three elements require to

be known;— 1st, the inclination of the plane of the planet's

orbit to the plane of the ecliptic ; 2dly, the line in which
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these two planes intersect each other, which of necessity

passes through the sun, and whose position with respect to

the line of the equinoxes is therefore given by stating its

longitude. This line is called the line of the nodes. When
the planet is in this line, in the act of passing from the south

to the north side of the ecliptic, it is in its ascending node,

and its longitude at that moment is the element called the

longitude of the node. These two data determine the situation

of the plane of the orbit ; and there only remains for the

complete determination of the situation of the planet's ellipse,

to know how it is placed in that plane, which (since its focus is

necessarily in the sun) is ascertained by stating the longitude of
its perihelion, or the place which the extremity of the axis

nearest the sun occupies, when orthographically projected on

tlie ecliptic.*

(496.) The dimensions and situation of the planet's orbit

thus determined, it only remains, for a complete acquaintance

with its history, to determine the circumstances of its motion

in the orbit so precisely fixed. Now, for this purpose, all

that is needed is to know the moment of time when it is either

at the perihelion, or at any other precisely determined point

of its orbit, and its whole period ; for these being known, the

law of the areas determines the place at every other instant.

This moment is called (when the perihelion is the point chosen)

the perihelion passage, or, when some point of the orbit is fixed

uijon, without special reference to the perihelion, the epoch.

(497.) Thus, then, we have seven particulars or elements,

which must be numerically stated, before we can reduce to

calculation the state of the system at any given moment.
But, these known, it is easy to ascertain the apparent posi-

tions of each planet, as it would be seen from the sun, or is

seen from the earth at any time. The former is called the

heliocentric ; the latter the geocentric, place of the planet.

(498.) To commence with the heliocentric places. Let S
represent the sun ; P A N the orbit of the planet, being an

* What is most improperly called in some books the " longitude of the peri-
helion on the orbit" is a broken arc or an angle made up of two in different
planes, viz. from the equinox to the node on the ecliptic and thence to the peri-
helion on the orbit.
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ellipse, having the S in ita focus, and A for its perihelion

;

and let /j a N T represent the projection of the orbit on the

plane of the ecliptic, intersecting the

lino of equinoxes S T in T, which,

therefore, is the origin of longitudes.

Then will S N be the Une of nodes

;

and if we suppose B to lie on the

south, and A on the north side of the ecliptic, and the di-

rection of the planet's motion to be from B to A, N will he

the ascending node, and the angle T S N the longitude of

the node. lu like manner, if P be the place of the planet at

any time, and if it and the perihelion A be projected on the

ecliptic, upon the points p, a, the angles T S />, T S a, will

be the respective heliocentric longitudes of the planet and of

the perilielion, the former of wh'.ch is to be determined, and

the latter is one of the given elements. Lastly, the angle

/; S P is the heliocentric latitude of the planet, wliich is also

required to be known.

(499.) Now, the time being given, and also the moment of

the planet's passing the perihelion, the interval, or the time

of describing the portion A P of the orbit, is given, and the

periodical time, and the whole area of the ellipse being

known, the law of proportionality of areas to the times of

their description gives the magnitude of the area ASP.
From this it is a problem of pure geometry to determine the

corresponding angle ASP, which is called the planet's true

anomaly. This problem is of the kind called transcendental,

and has been resolved by a great variety of processes, some

some less intricate. It offers, however, no peculiarmore.

difficulty, and is practically resolved /ith great facility by

the help of tables constructed for the purpose, adapted to

the case of each particular planet. *

• It will readily be understood, tlmt, except in the case of uniform circular

motion, an equable description of areat about any center is incompatible with

an equable description of anglet. Hie object of the problem in the text is to

pass from the area, supposed known, to the angle, supposed unknown : in other

words, to derive the true amount of angular motion from the perihelion, or the

trxte anomaly from what is technically called the mean anomaly, that is, the mean

angular motion wliich would have been performed had the motion tn angle been

umform instead of the motion in area. It happens fortunately, that this is the
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(500.) The true anomaly thus obtained, the planet's

angular distance from tho node, or the angle N S P, is to bo

found. Now, the longitudes of tho perihelion and node being

respectively T a and T N, which arc given, their difFerenco

« N is also given, and the angle N of the spherical right-

angled triangle A N «, being the inclination of tho plane

of the orbit to the ecliptic, is known. Hence we calculate

the arc N A, or the angle N S A, which, added to A S P,

gives the angle N S P required. And from this, regarded

as the measure of the ai'c N P, forming the hypothenuse

of the right-angled spherical triangle P N /», whose angle N,
as before, is known, it is easy to obtain the other two sides,

N p and P p. The latter, being the measure of the angle

p S P, expresses the planet's heliocentric latitude ; the former

measures the angle N S /?, or the planet's distance in lon-

gitude from its node, which, added to the known angle

T S N, the longitude of tho node, gives the heliocentric lon-

gitude. This process, however circuitous it may appear,

when once well understood may be gone through nimaericaliy

by the aid of the usual logarithmic and trigonometrical

tables, in little more time than it will have taken the reader

to peruse its description.

(501.) The geocentric differs from the heliocentric place

of a planet by reason of that parallactic change of apparent

situation which arises from the earth's motion in its orbit.

Were the planets' distances as vast as those of the stars, tho

earth's orbital motion would be insensible when viewed
from them, and they would always appear to us to bold the

same relative situations among the fixed stars as if viewed

from the sun, i. e. they would then be seen in their heliocentric

places. The difference, then, between the heliocentric and

geocentric places of a planet is, in fact, the same thing with

its parallax, arising from the earth's removal from the centre

simplest of all problems of the transcendental kind, and can be resolved, in the
most difficult case, by the rule of " false position," or trial and error, in a very
few minutes. Nay, it may even be resolved approximately on iuspection by a

simple and easily constructed piece of mechanism, of which the reader may see a
description in the Cambridgs Philusophical Transactions, vol. iv. p. 425., by
the author of this work.
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of the eystcm and it^ annual motion. It follows from this,

that tho first step towards a knowledge of its amount, and
the consequent dctenninuti< n of tho apparent place of each
planet, as referred from the earth to the sphere of the fixed

'>c to ascertain the jjropoition of its linear dis-

tune*- f»"om the earth and from the sun, an compared with
tho eartli's distance from the sun, and tho angular jweittona

of nil three with re8i)ect to each other.

(502.) Suppose, therefore, S to represent he sun, E the

earth, and P the planet ; S T the lino of equinoxes, T E
the earth's orbi* "t1 T" t) a perpendicular let fall from the

planet on tl. ooliptic. Then h ill the angle S P E (according

to the general notion of parallax conveyed in art. 69) re-

present the parallax of tiio planet

arising from the change of station

from S to E ; E P will be the appa-

rent direction of the planet seen from
E ; and if S Q bo drawn parallel to

E p, the angle T S Q will be the geocentric longitude of the
planet, wliile T S E represents the heliocentric longitude of
the earth, Y S p that of tho planet. The former of thcFo,
T S E, is given by the solar tables ; the latter, T S /?, is

found by the process above described (art y")0). Moreover,
S P is the radius vector of the planet's orbit, and S E that
of the earth'e, both of which are determined from the known
dimensions of their respective ellipet , and the p
bodies in them at the assiprned time. Lastly
P S /> is the planet's heliocei ^ latitude.

(503.) Car object, then, is, Irom all ,.>se data, to de-
terrair.e the angle T S Q, ; nd P E;?, which is the geocentric
latitude. The ocess, then, will stancl afi follows:— 1st,

Tn the ^rianglo ? p, ri<; -angled at p, given S '\ and tho
angle PS;? (tho planet's radius vector and 1 locentric

latitude), find S ;? and P />; 2dly, In the triangle S E ;>,

given S p (just f. :md), S E ( .iie earth's radius vector), and
the angle E S j9 (the difference of heliocentric 1 ^gitudes of
the earth and plane; ' , fiad the angle S ?7 E, a ' the side

E p. The former i • ing equal to the alter ?ate an{.rl p ^%

of tho

the angle

^IliillilliiiiilBWiiiiiiiiiiiBllWiii I II II II

I
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i» the parallactic i iiiov.d of the planet in longitude, which,

added to T S /j, gives its geocentric longitiidc. The latter,

E p (which ia called the curtate distance of the planet from

the earth), gives at once the geocentric latitude, by means of

the right-angled triangle P E p, of which E p and P p are

known sides, and tho angle P E /j is tho geocentric latitude

Bought.

(504.) The calculations required for these purposes ire

nothing but the most ordinary processes of plane trigo-

nometry ; and, though somewhat tedious, are neither intricate

nor difficult. When executed, however, they afford us the

means of comparing tho places of tho planets actually

observed with the elliptic theory, with the utmost exactness,

and thus putting it to the severest trial ; and it is upon the

testimony of such computations, so brought into comparison

with observed f ts, that we declare that theory to be a true

representation aaturc.

(505.) The planets Mercury, Venus, Mars, Jupiter, and

Saturn, have been known from the earliest ages in which

astronomy haa been cultivated. Uranus was discovered by

Sir W. Herschel in 1781, March 13th, in the course of a

review of the heavens, in wliich every star visible in a

telescope of a certain power was brought under close ex-

amination, when the new planet was immediately detected

by its disc, under a high magnifying power. It has since

been ascertained to have been observed on many previous

occasions, with telescopes of insufficient power to show its

disc, and even entered in catalogues as a star ; and some of

th< observations which have been so recorded have been

used to improve and extend our knowledge of its orbit.

Tho discovery of the asteroids dates from the first day of

1801, when Ceres was discovered by Piazzi, at Palermo;

a discovery speedily followed by those of Juno by pro-

fessor Har' ', of Gottingen, in 1804; i of Pallas and
Vesta, by i) Olbers, of Bremen, in 1802 ^'^ 1807 re-

spectively, extremely remarkable tha: important

addition to ou ayHtem had been in some sort surmised as a

thing not unl kely on the ground that the intervals between
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the orbit of Mercury and the other jdunctary orbua, go on

iloubling aa wo recede from tlio aun, or nearly so. Thus,

the interval between the orbits of the Earth and Mereury ia

nearly twice that between thoBO of Venua and Mercury;

that between the orbita of Mars and Mercury nearly twice

that between the Earth and Mercui-y ; and so on. Tho
interval between the orbits of Jupiter and Mercury, how-

"^ver, ifl much too great, and would form an exception to thia

law, which is, however, again resumed in tho case of

the three planets next in order of remoteness, Jupiter,

Saturn, and Urantia. It was therefore thrown out, by the

late professor Bode, of Berlin,* aa a possible surmise, that

a planet not then yet discovered might exist between Mara
and Jupiter; and it may easily be imagined what was tho

astonishment of astronomers on finding not one only, but

four planets, differing greatly in all the other elements of tlteir

orbits, but agreeing very nearly, both inter se, and with the

above stated empirical law, in respect of their mean distances

from the sun. No account, d priori or from theory, was to

be given of this singular progression, which is not, like

Kepler's laws, strictly exact in numerical verification: but

the circumstances we have just mentioned tended to create

a strong belief that it was something beyond a mere ac-

cidental coincidence, and bore reference to the essential

structure of the planetary system. It was even conjectured

that the asteroids are fragments of some gmater planet which

formerly circulated in that interval, but which has been blown

to atoms by on explosion ; an idea countenanced by the ex-

ceeding minuteness of these bodies which present discs ; and

it was argued that in that case innumerable more such frag-

ments must exist and might come to be hereafter discovered.

Whatever may be thought of such a speculation as a physical

hypothesis, this conclusion has been verified to a considerable

extent as a matter of fact by subsequent discovery, the result

* Tlie progression is (rather rudely) tliat of Ihe numbers 4,4 + 3, 4 + 6,

4 + 12, &c. The empirical law itself, as we have above stated it, is ascribed by
Voiron, not to Bode (who would appear, however, at all events, to have first

drawn attention to this interpretation of its interruption,) but to professor Titius
of Wittemberg. (Voiron, Supplement to Bailly.)
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of n careful and minute oxainiimtinn and mapping down of

the smaller stars in and near tho zodiac, undertaken with that

expresa object. Zodiacal charts of this kind, the product of

the zeal and industry of many astronomers, have been con-

structed, in which every star down to the ninth, tenth, or

even lower magnitudes, is inserted, and these stars being

compared with the actual stars of the heavens, tho intrusion

of any stranger within their limits cannot fail to be noticed

when the comparison is systematically conducted. The dis-

covery of Astrasa and Hebe by professor Ilenckc in 1845 and
1847 revived the flagging spirit of enquiry in this direction

;

with what success, tho list in tho Appendix to this volume
will best show. The labours of our indefatigable countryman,
Mr. Ilind, have been rewarded by the discovery of no less

than eight of them.

(508.) The discovery of Neptune marks in a signal manner
the mati.rity of Astronomical science. The proof, or at least

the urgent presumption of the existence of such a planet, as

a means of accounting (by its attraction) for certain small

irregularities observed in the motions of Uranus, was afforded

almost simultaneously by tho independent researches of two
geometers, Messrs. Adams of Cambridge and Leverrier of

Paris, who wore enabled, from theory alone, to calculate

whereabouts it ought to appear in the heavens, if visible,

the places thus indei>endently calculated agreeing surpris-

ingly. Within a sinyle degree of the place assigned by
M. Loverrier's calculations, and by him communicated to

Dr. Galle of the Koyal Observatory at Berlin, and within

two and a half from that indicated by Mr. Adams, it was
actually found by Dr. Galle on the very first night (Sept. 23.

1846) after the receipt of M. Leverrier's communication, on
turning a telescope on the spot, and comparing the stars in

its immediate neighbourhood with those previously laid down
in one of the zodiacal charts already alluded to.*

Constructed by Dr. Dreiiuker, of Berlin. On reading tlie history of this
noble discovery, we are ready to exclaim with Schiller

" Mit dem Genius steht die Natur in cwigeoi Bunde,
Was der Eine verspricht leistet die Andre gewiss."

Professor Challis, of the Cambridge Observatory, directing the Northuni-



336 OUTLINES OP ASTRONOMY.

(507.) The mean distance of Neptune from the Bun, how-

ever, so far from falling in with the supposed law of planetary

distances above mentioned, offers a decided case of discord-

ance. The interval between its orbit and that of Mercury,

instead of being nearly double the interval between those of

Uranus and Mercury, does not, in fact, exceed the latter

interval by much more than half its amount. This remark-

able exception may serve to make us cautious in the too

ready admission of empirical laws of this nature to the rank

of fundamental truths, though, as in the present instance,

they may prove useful auxiliaries, and serve as stepping

stones, affoi'ding a temporary footing in the path to great

discoveries. The force of this remark will be more apparent

when we come to explain more particularly the nature of

the theoretical views which led to the discovery of Neptune

itself.

(508.) We shall devote the rest of this chapter to an

account of the physical peculiarities and probable condition of

the several planets, so far as the former are known by ob-

servation, or the latter rest on probable grounds of conjecture.

In this, three features principally strike us as necessarily

productive of extraordinary diversity in the provisions by

which, if they be, like our earth, inhabited, animal life must

be supported. These are, first, the difference in their re-

spective supplies of light and heat from the sun; secondly,

the difference in the intensities of the gravitating forces which

rcost subsist at their surfaces, or the different ratios which,

on their several globes, the inerticB of bodies must bear to

their weights; and, thirdly, the difference in the nature of

the materials of which, from what we know of their mean

density, we have every reason to believe they consist. The

intensity of solar radiation is nearly seven times greater on

Mercury than on the Earth, and on Neptune 900 times les^;

berknd telescope of that Institution to the place assigned by Mr. Adavrs's

calculations and its vicinity, on the 4th and 12th of August 1846, saw the

planet on both those days, and noted its place (among those of other star:i) for

re-observation. He, however, postponed the comparison of the places observed,

and, not possessing Dr. Bremiker's chart (which would have at once indicated

the presence of an unmapped star), remained in ignorance of th" planet's

existence as a visible object till its announcement as such by Dr. Gatle.
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the proportion between the two extremes being that of up-
wards of 5600 to 1. Let any one figure to himself the
condition of our globe, were the sun to be septupled, to say
nothing of the great ratio I or were it diminished to a
seventh, or to a 900th of its actual power 1 It is true that
owing to the remarkable difference between the properties
of radiant heat as emitted from bodies of very exalted tem-
perature, as the 8un, and as from such as we commonly term
warm, it is very possible that a dense atmosphere surrounding
a planet, while allowing the access of solar heat to its surface,
may oppose a powerful obstacle to its escape, and that thus
the feeble sunshine on a remote planet may be retained and
accumulated on its surface in the same way (and for the same
reason) that a very slight amount of sunshine, or even the
dispersed heat of a rright though clouded day, suffices :»
maintain the interior of a closed greenhouse at a high tem-
perature. We cannot then absolutely conclude the preva-
lence of that excessive cold on the surface of a distant planet
which its mere remoteness from the sun might lead ^8, primd
facie, to expect.

(508. b.) Again, the intensity of gravity, or its efficacy
in counteracting muscular power and repressing animal
activity, on Jup'^er, is nearly two and a half times that on
the Earth, on Mars not more than oue-half, on the Moon
one-sixth, and en the smaller planets probably not more than
one-twentieth

; giving a scale of which the extremes are in
the proportion of sixty to one. Lastly, the density of Saturn
hardly exceeds one-eighth of the Earth's, so that it must con-
sist of materials not heavier on the average than dry fir wood.
Now, under the various combinations «>f elements so impor-
tant to life as these, what immense diversity must we not
admit in the conditions of that great problem, the mainten-
ance of animal and intellectual existence and happiness, which
seems, so far as we can judge by what we see around us in
our own planet, and by the way in which every corner of it
is crowded with living beings, to form an unceasing and
worthy object for the exercise of the Benevolence and Wis-
dom which preside over all I
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(509.) Quitting, however, the region of mere speculation,

we will now show what information the telescope affords ua

of the actual condition of the several planets within its reach.

Of Mercury we t^m see little more than that it is round, and

exhibits phases. It is too small, and too much lost in the

constant neighbourhood of the Sun, to allow us to make

out more of its nature. The real diameter of Mercury is

about 3200 miles: its apparent diameter varies from 6" to

12". Nor does Venus offer any remarkable peculiarities:

although its real diameter is 7800 miles, and although it oc-

casionally attains the considerable apparent diameter of 61'',

which is larger than that of any other planet, it is yet the

most difficult of them all to define with telescopes. The

intense lustre of its illuminated part dazzles the sight, and

exaggerates every imperfection of the telescope ; yet we see

clearly that its surface is not mottled over with permanent

ppots like the Moon ; we notice in it neither mountains nor

shadows, but a uniform brightness, in which sometimes we

may indeed fancy, or perhaps mora than fancy, brighter or

obscurer portions, but can seldom or never rest fully satisfied

of the fact. It is from some observations of this kind that both

Venus and Mercury have been concluded to revolve on their

axes in about the same time as the Earth, though in the

case 0^ Venus, Bianchini and other more recent observers

have contended for a period of twenty-four times that length.

The most natural conclusion, from the very rare appearance

and want of permanence m the spots, is, that we do not see,

as in the Moon, the real surface of these planets, but only

their atmospheres, much loaded with clouds, and which may

serve to mitigate the otherwise intense glare of their sun-

shine.

(510.) The case is very different with Mars. In this

planet we frequently discern, with perfect distinctness, the

outlines of what may be continents and seas. (See Plate III.

jiff. 1., which represents Mars in its gibbous state, as seen

on the 16th of August, 1830, in the 20-feet reflector at

Slough.) Of these, the former are distinguished by that

ruddy colour which characterizes the light of this planet
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(which p'ways appears red and fier^), and indicates, no
doubt, an ochrey tinge in the general soil, like what the red
sandstone districts on the Earth may possibly offer to the
inhabitants of Mars, only more decided. Contrasted with
this (by a general law in optics), the seas, as we may call
them, appear greenish.* These spots, however, are not
always to be seen equally distinct, but, when seen, they offer
the appearance of forms considerably definite and highly
characteristicf, brought successively into view by the rotation
of the planet, from the assiduous observation of which it has
even been found practicable to construct a rude chart of the
surface of the planet. The variety in the spots may arise
from the planet not being destitute of atmosphere and clouds

;

and what adds greatly to the probability of this is the ap-
pearance of brilliant white spots at its poles, —one of which
appears in our figure, - which have been conjectured, with
some probability, to be snow ; as they disappear when they
have been long exposed to the sun, and are greatest whek
just emerging from the long night of their polar winter, the
snow line thon extending to about six degrees (reckoned on
a meridian of the planet) from the pole. By watching the
spots during a whole night, and on successiva nights, it is
found that Mars has a rotation on an axis inclined about
30° 18' to the ecliptic, and in a period of 24'' 37™ 23»

J in the
same direction as the Earth's, or from west to east. The
greatest and least apparent diameters of Mars are 4" and
18", and its real diameter about 4100 miles.

(511.) We now come to a much more magnificent planet,
Jupiter, the largest of them all, being in diameter no less
than 87,000 miles, and . . bulk exceeaing that of the Earth
neariy 1300 times. It is, moreover, dignified by the atten-
dance of four moons, satellitet, or secondary planets, as they are

• I h«v« noticed the phaenomena described in the text on many occasions, butnever more distinct than on the occasion when the drawing was made fromwhich the figure in Piate I. u engraved. — Author.

t The reader will And many of those forms represented in Shumacher's A^
B^Tnd MMIer" '"' *^^' '*^*' '^'^ "* *''' "''*" '" ^''- ^''^* "' ^^^"^

X Beer and Madler, Aitr. Na h'. 349.

z 2

t'}i
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called, which constantly accompany and revolve about it, aa

the Moon does round the Earth, and in the same direction,

forming with their principal, or primary, a beautiful miniature

system, entirely analogous to that greater one of which their

central body is itself a member, obeying the same laws, and

exemplifying, in the most striking and instructive manner,

the prevalence of the gravitating power as the ruling prin-

ciple of their motions : of these, however, we shall speak more

at large in the next chapter.

(512.) The disc of Jupiter is always observed to be

crossed in one certain direction by dark bends or belts pre-

senting the appearance, in Plate III. fig. 2., which represents

this planet as seen on the 23rd of September, 1832, in the

20-feet reflector at Slough. These belts are, however, by no

means alike at all times ; they vary in breadth and in situa-

tion on the disc (though never in their general direction).

They have even been seen broken up and distributed over

the whole face of the planet ; but this phsenomenon is ex-

tremely rare. Branches running out from them, and subdi-

visions, as represented in the figure, as well as evident darker

spots, are by no means uncommon. But the most singular

plisenomenon presented by the belts of Jupiter is the occasional

appearance upon them of perfectly round, well defined, bright

spots (not unlike the discs of the satellites (see art. 540.), aa

they are occasionally seen projected on the planet when

passing between it and the Earth, only smaller. They vary

in situation and number, as many as ten having, on one oc-

casion (Oct. 28, 1857), been seen at once, but, so far as

hitherto observed, only on the southern hemisphere of Jupiter.

They were first noticed by Mr. Dawes in the spring of 1849,

but first described and figured by Mr. Lassell, March 27, 1850.

They have been more recently again and more distinctly and

consecutively observed by the former of these observers, who
hds given figures of them in Aet Soc. Not. xviii. pp. 8. 40.

(512. a.) From the appearances and configurations of th<»,

belts, attentively watched, it is concluded that this planet

revolves in the surprisingly short period of 2^ 55" 50' (aid.

r:^"^'W>^'7a'.-*»«"-'' *'»«j'5KWE^:»7H*^3''^'^-*^*f«»spww^'sr!KK'^'^'<"
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tune), on an axis perpendicular to the direction of the belts.
Now, It is very remarkable, and forms a most satisfactory
comment on the reasoning by which the spheroidal figure of
the Earth has been deduced from its diurnal rotation, that the
outlma of Jupiter's disc is evidently not circular, but elliptic,
being considerably flattened in the direction of its axis of ro-
tation. This appearance is no optical illusion, but is authen-
ticated by micrometrical measures, which assign 106 to 100
for the proportion of the equatorial and polar diameters.
And to confirm, in the strongest manner, the truth of thtfse
principles on which our former conclusions have been founded,
and fully to authorize their extension to this remote system,
it appears, on calculation, that this is really the degree of
oblateness which corresponds, on those principles, to the
dimensions of Jupiter, and to the time of his rotation.

(513.) The parallelism of the belts to the equator of Jupiter,
their occasional variations, and these appearances of spota seen
upon them, render it extremely probable that they subsist
in the atmosphere of the planet, forming tracts of compa-
ratively clear sky, determined by c rrents analogous to our
trade-winds, but of a much more steady and decided charac-
ter, as might indeed be expected from the immense velocity
of its rotation. That it is the comparatively darker body of
the planet which appears in the belts is evident from this,
that they do not come up in all their strength to the edge of
the disc, but fade away gradually before they reach it The
round bright spots described above may therefore not impos-
sibly be insulated masses'of cloud, of local origin, analogous
to the cumuli which sometimes cap ascending columns of
vapour in our atmosphere. The apparent diameter of Jupiter
varies from 30" to 46".*

(514.) A still more wonderful, and, as it may te termed,
elaborately artificial mechanism, is displayed in Saturn, the
next in order of remotetess to Jupiter, to which it is not
much inferior in magnitude, being about 79,000 miles in dia-

I '^"'L ^; ^'"'"'' """^ ^''- ^"'"'^ •'»''•' Pnblished fine rrpresentations of
Jupite', ^'" former as seen from il.e Peak of Teneriffe (alt 10,700 ft.), thela.i I i:. 11, lervatory at Cranford.

^'

I 3
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meter, nearly 1000 times exceeding the earth in bulk, and

subtending an apparent angular diameter at the earth, of

about 18" at its mean distance. This stupendous globe,

besides being attended by no lees than eight satellites, or

moons, is surrounded with three broad, flat, and extremely

thin rings, concentric with the planet and with each other, the

inner being very faint and semi-transparent ; all lying in one

plane, and separated by a very narrow interval from each

other throughout their wl'ole circumference, as they are from

the planet by a much wider. The dimensions of this extra-

ordinary appendage are as follows *
:
—

/' Mllci.

Exterior diameter of exterior bright Ting . . - 40'095 = 176,4 18

Interior ditto 8S'289= 155.272

Exterior diameter of interior bright I'iiig • . . 34'475 = 151,6<)0

Interior ditto - - . .... 26-668 = 117,;«9

Equatorial diameter of the body .... 17-991 = 79,160
Interval between the planet and interior bright ring - 4-339= 19,090
Interval of the rings - ..... . 0-408= 1,791

Thickness of the ring not exceeding . - . . .si 250

The figure (PI. III. fig. 3.) represents Saturn surrounded

by its rings, and having its body striped with dark belts,

somewhat similar, but broader and less strongly marked than

those of Jupiter, and owing, doubtless, to a similar cause, f

"Whatever be the materials of which the ring consists (and

there are strong reasons, Art. 622., for believing it not to

consist of solid matter) it is at least substantial enough to

cast a shadow, which, when the Earth is properly situated,

may be seen on the body of the planet on the side next the

Sun ; as also to receive one when thrown on it by the body

on the opposite side. The form of this latter shadow, minutely

scrutinized with powerful telescopes, has led some observers

to conclude that the edge of the outer ring is in some degree

rounded, and that the two rings do not lie precisely in one

* These dimensions are calculated from Prof. Struve's micrometric measures,

Mem. Ast Soc iii. 301., with the (exception of the thickness of the ring, which
i.s concluded from its total disappearance in 1833, in a telescope which would
certainljr have shown, as a visible object, a line of light one-twentieth of a

second in breadth. The interval of the rings here stated is possibly somewhat
too small.

t The equatorial bright belt is generally '.irell sesn. The subdivision of the

dark one by two narrow bright bands is seldom so distinct as represented in the

plate.

w^sm m̂vm^ MMMiiii
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plane.* Fiom the parallelism of the belts with the plane of
the rmg, it may be conjectured that the axis of rotation of the
planet IS perpendicular to that plane; and this conjecture is
conhrmed by the occasional appearance of extensive dusky
spots on Its surface, which, when watched, like the spots on
Mars or Jupiter, indicate a rotation in 9" 57"° 1-91» (according
to the observations of Mr. Airy) about an axis so situated.

(515.) The axis of rotation, like that of the earth, preserves
Its parallelism to itself during the motion of the planet in its
orbit

;
and the same is also the case with the ring, whose

plane is constantly inclined at the same, or very nearly the
same, angle to that of the orbit, and, therefore, to the
ccbptic, VIZ. 28° 11'; and intersects the latter plane in a
ime, which makes at present f an angle with the line of
equinoxes of 167° 31'. So that the nodes of the ring Ue in
167° 31' and 347° 31' of longitude. Whenever, then t^e
planet happens to be situated in one or other of these longi-
tudes as at C, tie plane of the ring passes through the sun,
which then illuminates only the edge of it. And if the
earth at that moment be in F, it will see thti ring edgeways,
the planet being in opposition, and therefore most favour-
ably situated {ciBtens paribus) for observation. Under these
circumstances the ring, if seen at all, can only appear as a
ex;- na'Tow straight line of light projecting on either side

of tt« !. .dy as a prolongation of its diameter. In fact, it is
quite invisible in any but telescopes of extraordinary power.t
ihis remarkable phoEnowenon takes place at intervals of fif-
teen years nearly

.
being a Bemi-,,3ricd of Saturn in h% orbit>

One disappearance
. i ^st mu8« tak-j place whenever Saturn

passes either node Ui : 3 ^rbitj but three must frequently
happen, and ^wo are pt^y^le. To show this, suppose S to
be the sun, ABCD part of Saturn's orbit situated so as to

• The excessive thinness of the rings leads us to demur to f.ie former of the»conduMons a. a re,uH of ol^ervaUon, though fully admitting it « .TeorSly

Ji tT'^'"^ *° ^*^'' *''^ »<"'g"u''e of the node of the ring increases bv46" -162 per annum. In 1800 it «as 166° 53' 8"-9.
'"creases By

t Its disappearance was complete when observed with <• r„fl<.„.». • u^

t 4
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include the node of the ring (at C); EFGH the Earth's

orbit; SC the line of the node; EB, GD parallel to SC
touching the earth's orbit in E G ; and let the direction of

motion of both bodies be that indicated by the arrow. Then
nince the ring preserves its parallelism, its plane can nowhere

intersect the earth's orbit, and therefore no disappearance

can take place, unless the planet be between B and D : and,

on the other hand, a disappearance is possible (if the earth

be rightly situated) during the whole time of the description

of the arc B D. Now, since S B or S D, the distance of

Saturn from the Sun, is to S E or S G, that of the Earth, as

9-54 to 1, the angle C S D or C S B=6° 1', and the whole

angle B S D=:12° 2', which is described by Saturn (on an

average) in 359'46 days, wanting only 5*8 days of a complete

year. The Earth then describes very nearly an entire revo-

lution within the limits of time when a disappearance is pos-

able ; and since, in either half of its orbit E F G or G H F,

it may equally encounter the plane of the ring, one such

encounter at least is unavoidable within the time specified.

(516.) Let G a be the arc of the Earth's orbit described

from G in 5*8 days. Then if, at the moment of Saturn's

arrival at B, the Earth be at a, it will encounter the plane

of the ring advancing parallel to Itself and to B E to meet

it, somewhere in the quadrant H E, as at M, after which

it will be behind that plane (with reference to the direction
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of Saturn's motion) through all the arc M E F G up to G,
where it will again •vertake it at the very moment of the

planet quitting the arc B D. In this state of things there

vvill be t^o disappearances. If, when Saturn is at B, the
Earth c -.nywhere in the arc a H E, it is equally evident
that it will meet and pass through the advancing plane of the

ring somewhere in the quadrant H E, that it will again
overtake and pass through itsomewhere in the semicircle E F G,
and again meet it in some point of the quadrant G H, so that

three disappearances will take place. So, also, if the Earth
be at E when Saturn is at B, the motion of the Earth teing at

that instant directly towards B, the plane of the ring will

for a short time leave it behind ; but the ground so lost being
rapidly regained, as the earth's motion becomes oblique to

the line of junction, it will soon overtake and pass through
the plane in the early part of the quadrant E F, and passing

on through G before Saturn arrives at D, will meet the plane
again in the quadrant G H. The same will continue up to

a certain point b, at which, if the earth be initially situated,

there will be but two disappearances— the plane of the ring

there overtaking the earth for an instant, and being imme-
diately again left behind by it, to be again encountered by
it in G H. Finally, if the initial place of the earth (when
Saturn is at B) be in the arc ft F a, there will be but one
passage through the plane of the ring, viz., in the semicircle

G H E, the earth being in advance of that plane throughout
the whole of b G.

(517.) The appearances will moreover be varied accordino'

as the earth passes from the enlightened to the unenlight-

ened side of the ring, or vice versa. If C be the ascending

node of the ring, and if the under side of the paper be sup-
posed south and the upper north of the ecliptic> then, when
the Earth meets the plane of the ring in the quadrant H E,
it passes from the bright to the dark side : where it overtakes

it in the quadrant E F, the contrary. Vice versd, when it

overtakes it in F G, the transition is from the bright to the

dark side, and the contrary where it meets it in G H. On
the other hand when the earth is overtaken by the ring-plane
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in the interval E b, the change is from the l>right to the dark

aide. Whnn the dark side ia exposed to sight, the aspect of

tlie planet is very singular. It pears as a bright round
disc, with its belts, &c., but crosse 1 eq ^torially by a narrow
and perfectly black line. This can ni of conrse happen
when the planet is more than 6° 1

' from i o node of the ring.

Generally, the northern side is eiu :itened and v' .ble when
the heliocentric longitude of Sati •. is between 1 73" 32' and
341° 30', and the southern when between 353° 3. and 1

1°

30'. The greatest ppeuing of the ring o« out when the

planet is situated at 90° distance from he node the ring,

or in longitudes 77° 31' and 257° 31', md n? tlicse points

the longer diameter of its apparent ellipse j almost exactly

double the shorter.

(518.) It will naturally be asked how so stupendous an
arch, if composed of solid and pondei na n trials, c be

sustained without collapsing and falling in u > the pla) t?

The answer to this ia to be found in a swift rot. i die

ring in its own plane, which observation has detected mg to

some portion of the ring being a little less bright th;. ithers,

and assigned its period at 10'' 32° 15", which, f lat we
know of its dimensions, and of the force of gravit} in the

baturnian system, is very nearly the periodic time of a satel-

lite revolving at the same distance as the middle of its

breadth. It is the centrifugal force, then, arising from this

rotation, which sustains it ; and although no observation nice

enough to exhibit a difference of periods between the outer and
inner rings have hitherto been made, it is more than probable

that such a difference does subsist as to place each independ-

ently of the other in a similar state of equilibrium. Still, it

might be urged, such is the thinness of the rings that it may
very well be doubted, whether the strain brought upon either

of them by the difference of its interior and exterior centri-

fugal forces, if solid, would not suffice to tear it in pieces.

A fluid constitution would obviate this difficulty ; and indeed

it is very possible that the rings may i-e gaseous, or rather

such a mixture of gaa and vapour as consists with our idea

of a cloud.
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(510.) Although the rings vq have said, very
nearly '^'^entric with the body rn, yet micrometri-
cal meua. ments of extreme delic * have demonstrated
that the < loidence is not matheui.aicully exact, but that
the ceiuor of gravity of the rings oscillates round that of the
body, describing a very minute orbit, probably under laws
< much complexity. Trifling as this remark may appear,
it is of the utmost importance to the stability of the system
of the rings, if solid and coherent. Supposing them mathe-
matically perfect in the circul form, and exactly concen-
tric with the planet, it is demoi-

a system in a state of unsfab

external power would subv

the substance of the rings

broken on the surface of tt

le that they would form
m, wliich the slightest

; y causing a rupture in

precipitating them un-
uet. For the attraction of

such a ring or rings on a po r sphere excentrically within
them, is not the same in all directions, but tends to draw the
point or sphere towards the nearest part of the ring, or away
from the center. Hence, supposing the body to become, from
any cause, ever so little excentric to the ring, the tendency
of their mutual gravity is not to correct but to increase this
excentricity, and to bring the nearest parts of them together.
Now, external powers, capable of producing such excentricity,
exist in the attractions of the satellites, as will be shown in
Chap. XII. ; and in order that the system may be stable,

and possess within itself a power of resisting the first inroads
of such a tendency, while yet nascent and feeble, and oppos-
ing them by an opposite or maintaining power, it has been
shown that it is sufficient to admit the rings, if solid, to bo
loaded in some part of their circumference, either by some
minute inequality of thickness, or by some portions being
denser than others. Such a load would give ta the whole
ring to which it was attached somewhat of the character of
a heavy and sluggisl atellite maintaining itself in an orbit
with a certain en* ^y suffic nt to overcome minute causes
of distui-bance, and establish an average bearing on its center.

iM*<^v^
Stfuve, confirming a suspicion suggested by the eye-observations of

i
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But even without Bupposing the exiatence of any such load,

— of which, after all, we have no proof,— and granting, in

its full extent, the general iuatability of the equilibrium, wo
think we perceive, in the rapid periodicity of all the causes

of disturbance, a sufficient guarantee of its preservation.

However homely bo the illustration, we can conceive nothing

more apt, in every way, to give a general conception of this

maintenance of equilibrium under a constant tendency to

subversion, than the mode in which a practised hand will

sustain a long pole in a perpendicular position resting on the

finger, by a continual and alntost imperceptible variation of

the point of support. Be that, however, as it may, the ob-

served oscillation of the centers of the rings about that of

the planet is in itself the evidence of a perpetual contest

between conservative and destructive powers— both ex-

tremely feeble, but so antagonizing one another as to prevent

the latter from ever acquiring an uncontrollable ascendancy,

and rushing to a catastrophe.

(520.) This is also the place to observe, that as the smallest

difference of velocity between the body and the rings must

infallibly precipitate the latter on the former, never more to

separate (for they would, once in contact, have attained a

position of stable equilibrium, and be held together ever after

by an immense force) ; it follows, either that their motions

in their common orbil round the sun must have been adjusted

to each other by an external power, with the minutest pre-

cision, or that the rings must have been formed about the

planet while subject to their common orbital motion, and

under the full and free influence of all the acting forces.

(521.) [The exterior ring of Saturn is described by many
observers as rather less luminous than the interior, and the

inner portion of this latter than its outer. On the night of

Nov. 11, 1860, however, Mr. G. B. Bond, of the Harvard

Observatory (Cambridge, U. S.), using the great Fraunhofer

equatorial of that institution, became aware of a line of de-

marcation between these two portions so definite, and an

extension inwards of the dusky border to such an extent

(one fifth, by measurement, of the joint breadth of the two old

iffil
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CONSTITUTION OF SATURN's RINGS. 349

rings), as to justify him in considering it as a newly-discovered
ring. On the nights of the 25th and 29th of the same
month, and without knowledge of Mr. Bond's observations,
Mr. Dawes, at his observatory at Wateringbury, by the aid
of an exquisite achromatic by Merz, of 6| inches aperture,
observed the very same- fact, and even more distinctly, so as
to be sure of a decidedly darker interval between the old and
new rings, and even to subdivide the latter into two of une-
qual degrees of obscurity, separated by a line more obscure
than either.

(522.) Dr. Galle of Berlin, however, would appear to
have been the first to notice (June 10. 1838) a faint ex-
tension of the inner ring towards the body of the planet, to
about half the interval between the then recognized inner ring
and the body, as shown by micromeirical measures. But this
result remained unpublished (or at least not generally
known) until after the observatiflns of Messrs. Bond and
Dawes. The most remarkable feature of this singular dis-
covery is, that subsequent observations, from many quarters,
have concurred in showing the new ring to consist of semi-
transparent materials through which the limb of the planet may
be seen up to the edge of the interior bright ring. Dark lines
(apparently of a transitory nature) have been observed on the
bright rings parallel to the permanent dark interval dividing
them. All these indications taken in conjunction with what
is said in art 518. decidedly point to a vaporous constitu-
tion of these wonderful appendages.*]

(522 a.) Still it has been thought remarkable that this new
ring, or appendage to the rings, should not have been dis-
covered earlier ; and :t has eren been conjectured that the
breadth of the ring has been gradually increasing inwards
since the time of Huyghens, its first disco irerer: and this
conjecture for a while appeared to be supported by micro-
metrical measures obtained by M. Otto Struve (with whom
the conjecture originated), which seemed to show a still

The passage of Saturn across any considerable star would afford an admir-
able opportunity of testing the existence of fissures in the rings, as it would flasli in
succession through them. Tlieopportunity of watching for such occultHtions—
when Saturn traverses the Milky-Way, for instance— should not be nclccted
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further diminution of the interval between the rings and the

ball. The question, however, appears to be definitively settled

in the negative by the elaborate raicromctrical measures of

M. Main, at the Royal Observatory at Greenwich, and by

the discussions entered into by M. Kf 'ser.

(522 b.) The rings of Saturn must present a magnificent

spectacle from those regions of the planet which lie above

their enlightened sides, being seen as vast luminous arches,

spanning the sky from horizon to horizon, and holding an

almost invariable situation among the stars. To a spectator

situated any where in the axis of the planet, it is evident

that their interior and exterior outlines must both appear as

circles corresponding to parallels of declination, and must

occasion a permanent eclipse of every heavenly body lying

between these parallels. It is otherwise to a spectator situ-

ated on the planet's surface. To such a one the interior and

exterior outline of each ring would, by the effect of per-

spective, be thrown into nonconcentric ellipses, so that (sup-

posing he could see through the whole planet and obtain a

view of the whole ring) it would appear broader on the side

nearest to him than on that most remote. These ellipses,

moreover, when traced along the heavens, would not coincide

with parallels of declination | ; but would deviate from such

parallels towards the elevated pole, as is evident, if we con-

sider that a perpendiejlar ST from any point S on the planet's

surface to the plane of the ring AB is parallel to the axis of

rotation ; so that the right cone ASD, generated by the revo-

lution of AS round ST, traces on the heavens a circle of decli-

• Mem. Ast. Soc. xxv.

t Ast. Soc. Notice, xvi. 66.

i The circumstances have been traced in minute detail by Dr. Lardner, who
first, I believe, drew attention to the effect of situation m the surface of tlie
planet in modifying the phoenomcna presented by the rings.
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nation, having the edge A of the ring for its upper culminating
pomt: whereas the oblique cone A SB, tracing the visible
course of the ring in the heavens, though coincident with the
iormcr at its upper culmination A, lies elsewhere wholly
exterior to it, and has its inferior culmination B nearer to the
elevated pole by the angle BSD, the difference of the angles
of the two cones. The apparent course of either edge of the
ring, then, is a curve touching the circle of declination at
which that edge culminates, but receding from it towards the
elevated pole, so as to allow stars or the Sun to be visible at
certain seasons under the ring at their rising— to be eclipsed
wholly or partially by it at its under edge, and again to
emerge before setting. This will not prevent, however,
some considerable regions of Saturn from suffering very long
total interception of the Solar beams, affording, to our ideas,
but an inhospitable asjdum to animated beings, ill compen-
sated by the feeble light of the satellites. But we shall do
wrong to judg^r ,

r the fitness or unfitness of their condition
from what we bee around us, when perhaps the very combi-
nations which convey to our minds only images of horror,
maybe, in reality, theatres of the most striking and glorious
displays of beneficent contrivance.

(523.) Of Uranus we see nothing but a small round
uniformly illuminated disc, without rings, belts, or discernible
spots. Its apparent c.iaraeter is about 4", from which it
never varies much, owing to the smallness of our orbit in com-
parison of its o^rn. Its real diameter is about 35,000 miles,
and its bulk 82 times that of the earth. It is attended by
four satellites, whose existence may be considered as con-
clusively established (and more have been suspected).

(524.) The discovery of Neptune is so recent, and its
situation in the ecliptic at present so little favourable for
seeing it with perfect distitfctness, that nothing very positive
can be stated as to its physical appearance. It was at first sus-
pected to have a ring, but the suspicion has not been verified.
It is attended by at least one satellite, the existence of which
has been demonstrated by the observations of Mr. Lassell
M. Otto Struve, and Mr. Bond.

'
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(625.) If the immense distance of Neptune precludes all

hope of coming at much knowledge of its physical state, the

minuteness of the Asteroids is no 'ess a b.ir to any enquiry

into theirs. One of them, Pallas, has been said to have

somewhat of a nebulous or hazy appearance, indicative of an

extensive and vaporous atmosphere, little repressed and con-

densed by the inadequate gravity of so small a mass. It is

probable, however, that the appearance in question has origi-

nated in some imperfection in the telescope employed, or

other temporary causes of illusion. In Vesta and Pallas

only have sensible discs beeni hitherto observed, and those

only with very high magnifying powers. Vesta was once

seen by Schrceter with the naked eye. No doubt the most
remarkable of their peculiarities must lie in this condition

of their state. A man placed on one of them would spring

with ease 60 feet high, and sustain no greater shock in his

descent than he does on the earth from leaping a yard. On
such planets giants might exist ; and those enormous animals,

which on earth require the buoyant power of water to

counteract their weight, might there be denizens of the land.

From some recent researches of M. Leverrier, it appears that

we shall be warranted in attributmg to the totality of the
Asteroids a quantity of matter quite insignificant.

(525 a.) There is a remarkable division of the planetary

system into two families or classes of planets, the large, and
the small. To the latter family belong those interior to the

orbits of Jupiter, viz.. Mercury, Venus, the Earth, and Mars,
with the Asteroids. To the former, all exterior to the orbits

of the first class— Jupiter, Saturn, Uranus, and Neptune.
The Asteroids themselves, however, may be considered as

forming a family apart, their magnitudes being as much
inferior to those of £he interior planets as these are to the
exterior, or in a still lower ratio. Not less remarkable is the
circumstance that while all the interior planets revolve on
their axes (so far as is known) in about the same time (24"),
the exterior (as is certain in the case of Jupiter and Saturn
at least) have periods of rotation less than half that length.

In point of dcneity, too, as we shall see further on, an
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equally marked distinction of specific character is preserved
all the mterior ones having about the same density as the
Lnrth, while that of all the exterior is very much les'^
not exceeding a quarter of the Earth, and agreeing (in the
cases of Jupiter and Uranus) very closely with that of the
Sun.

(526.) We shall close this chapter with on illustration cal-
culated to convey to the minds ofour readers a general impres-
sion of the relative magnitudes and distances of the parts of
our system. Choose any well levelled field or bowling-green.
On it place a globe, two feet in diameter; this will represent
the Sun

:
Mercury will be represented by a grain of mustard

seed, on the circumference of a circle 164 feet in diameter
for its orbit

; Venus a pea, on a circle of 284 feet in diameter

;

the Earth also a pea, on a circle of 430 feet ; Mars a rather
large pin's head, on a circle of 654 feet ; the Asteroids, grains
of sand, in orbits of from 1000 to 1200 feet; Jupiter a
moderate-sized orange, in a circle nearly half a mile across;
Saturn a small orange, on a circle of four-fifths of a mile

;

Uranus a full-sized cherry, or small plum, upon the circum-'
ference of a circle more than a mile and a half; and Neptune
a good-sized plum, on a circle about two miles and a half in
diameter. As to getting correct notions on this subject by
drawing circles on paper, or, still worse, from those very
childish toy^ called orreries, it is out of the question. To
imitate the motions of the planets, in the above-mentioned
orbits. Mercury must describe its own diameter in 41 seconds;
Venus in 4°' 14«; the Earth, in 7 minutes ; Mars, in 4~ 48" •

Jupiter, 2" 56'"; Saturn, in S" 13"; Uranus, in 2* 16";'

and Neptune, in S"* 30™.*

In the " Penny Encyclopadia," vol. 22. p. 107. the diameters of the orbits of
the planets here set down, are quoted as their diWance. from the center, and the
size of the sun is enlarged to four feet, while the sizes of the planeU are unaltered

A A
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CHAPTER X.

OP THE SATELLITEa.

OP THE MOON, AS A SATELLITE OF THE EARTH GENERAL PROX-

IMITY OP SATELLITES TO THEIR PRIMARIES, AND CONSEQUENT

SUBORDINATION OF THEIR MOTIONS.—MASSES OF THE PRIMARIES

CONCLUDED FliOM THE PERIODS OF THEIR SATELLITES.—MAIN-

TENANCE OF KEPLER'S LAWS IN THE SECONDARY SYSTEMS.—OF

Jupiter's satellites.— their eclipses, etc.—velocity of

LIGHT discovered EY THEIR MEANS SATELLITES OF SATURN

OF URANUS— OF NEPTUNE.

(527.) In the annual circuit of the earth about the sun, it is

constantly attended by its satellite, the moon, which revolves

round it, or rather both round their common center of

gravity ; while this center, strictly speaking, and not either of

the two bodies thus connected, moves in an elliptic orbit, un-

disturbed by their mutual action, just as the center of gravity

of a large and small stone tiedtogether and flung into the air

describes a parabola as if it were a real material substance

under the earth's attraction, while the stones circulate round

it or round each other, as we choose to conceive the matter.

(528.) If we trace, therefore, the real curve actually de-

scribed by either the moon's or the earth's centers, in virtue

of this compound motion, it will appear to be, not an exact

ellipse, but an undulated curve, like that represented in the

figure to article 324., only that the number of undulations in

a whole revolution is but 13, and their actual deviation from

the general ellipse, which serves them as a central line, is

comparatively very much smaller— so much so, indeed, that

every part of the curve described by either the earth or moon

is concave towards the sun. The excursions of the earth on

either side the ellipse, indeed, are so very small as to be

hardly appretiable. In fact, the center of gravity of the

earth and moon lies always within the surface of the earth, so
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.al the monthly orbit described by the earth's center about
the ccmunon center of gravity is comprehended within aH,,aco
C89 than the size of the earth itself. The effect is, never-
theless sensible, in producing an apparent monthly displace-
ment of the sun in longitude, of a parallactic kind, which is
called the menstrual equation ; whose greatest amount is, how-
ever, less than the sun's horizontal parallax, or than 8-6".

(529.) The moon, as we have seen, is about 60 radii of tlie
earth distant from the center of the latter. Its proximity,
tlierefore, to its center of attraction, thus estimated, is much
greater than that of the planets to the sun ; of which Mercury,
the nearest, is 84, and Uranus 2026 solar radii from its
center. It is owing to this proximity that the moon remains
attached to the earth as. a satellite. Were it much farther,
the feebleness of its gravity towards the earth would be in-
adequate to produce that alternate acceleration and re-
tardation in its motion about the sun. which divests it of the
character of an independent planet, and keeps its movements
subordinate to those of the earth. The one would outrun,
or be left behind the other, in their revolutions round the
sun (by reason of Kepler's third law), according to the re-
lative dimensions of their heliocentric orbits, after which the
whole influence of the earth would be confined to producin<r
some considerable periodical disturbance in the moon's motion^
as It passed or was passed by it in each synodical revolution.

(530.) At the distance at which the moon really is from us
its gravity towards the earth is act ,'Iy less than towards the
eun. That this is the case appears -uflSciently from what
we have already stated, that the moon's real path, even when
between the earth and sun, is concave towards the latter.
But it will appear still more clearly if, from the known
periodic times* in which the earth completes its annual and

• R and r radii of two orbits (supposed circular), P and p the periodic
times

;
tlien the arcs in question (A and a) are to each other as f to ij and

since the versed sines are as the squares of the arcs directly and the ra'd'ii i„.
versely. these are to each other as i to

f,;
and in this ratio are the forces acting

on the revolving bodies in either case.

A A 2
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the moon its monthly oibit, and from the dimensions of thoao

orbits, wo calculuto the amount of deflection in cither, from

their tangents, in equal very minute portions of time, as one

second. These are the versed sines of the arcs described in that

time in the two orbits, And these are the measures of the acting

forces which produce those deflections. If we execute the

numerical calculation in the case before us, we shall find 2-233

;

1 for the proportion in which the intensity of the force which

retains the earth in its orbit round the sun actually exceeds that

by which the moon is retained in its orbit about the earth.

(531.) Now the sun is about 400 times more remote from

the earth than the moon is. And, as gravity increases as the

squares of the distances decrease, it must follow that at equal

distances, the intensity of solar would exceed that of tcrres

trial gravity in the above proportion, augmented in the further

ratio of the square of 400 to 1 ; that is, in the proportion of

355,000 to 1 ; and therefore, if we grant that the intensity of

the gravitating energy is commensurate with the mass or in-

ertia of the attracting body, wc are compelled to admit the mass

of the earth to be no more than -jy^o o of that of the sun.*

(532.) The argument is, in fact, nothing more than a re-

capitulation of what has been adduced in Chap. VIII. (art.

448.) But it is here rc-introduced, in order to show how

the mass of a planet which is attended by one or more satel-

lites can be as it were weighed against the sun, provided we

have learned, from observation, the dimensions of the orbits

described by the planet about the sun, and by the satellites

about the planet, and also the periods in which these orbits

are respectively described. It is by this method that the

masses of Jupiter, Saturn, Uranus, and Neptune have been

ascertained, and from which their densities are concluded.

See art. (561.).

(533.) Jupiter, as already stated, is attended by four

satellites; Saturn by eight ; Uranus certainly by four; and

* In the synoptic table at the end of this volume, the mass of the sun is taken

somewhat higher, according to the most recent determination. It has not been

thought worth while to alter all the figures of the text in conformity with that

estimate. •
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Neptune by one, or possibly more. These, with their ro-
spcctive primaries (as the central planets are called) form in
each cnsc miniature systems entirely analogous, in the
general laws by which their motions arc governed, to the
groat system in which the sun acts the part of the primary
and the planets of its satellites. In each of these systems
the laws of Kc[)Ier are obeyed, in the sense, that is to say, in
which they are obeyed in the planetary system -approxim-
ately, and without prejudice to the effects of mutual pertur-
bation, of extraneous interference, if any, and of that small
but not imperceptible correction which arises from the elliptic
/orm of the central body. Their orbits are circles or ellipses
of very moderate excentricity, the primary occupying one
focus. About this they describe areas very nearly propor-
tional to the times

; and the squares of the periodical times
of all the satellites belonging to each planet are in proportion
to each other as the cubes of their distances. The tables at
the end of the volume exhibit a synoptic view of the distances
and periods in these several systems, so far as they are at
present known; and to all of them it will be observed that
the same remark respecting their proximity to their primaries
holds good, ixa in the case of the moon, with a similar reason
for such close connection.

(534.) Of these systems, however, the only one which has
been studied with attention to all its details, is that of Jupiter;
partly on account of the conspicuous briUiancy of its four
attendants, which are large enough to offer visible and
measurable discs in telescopes of great power; but more for
the sake of their eclipses, which, as they happen very fre-
vj.;, ntly, and are easily observed, afford signals of considerable
V se for the determination of terrestrial longitudes (art. 286.).
This method, indeed, until thrown into the background by
the greater facility and 'exactness now attainable by lunar
observations (art. 287.), was the best, or rather the only
one which could be relied on for great distances and lon.r
intervals.

°

(535.) The satellites of Jupiter revolve from west to east
(following the analogy of the planets and moon), in planes

A A a
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very nearly, nlthough not cxnctly, coincident with that of
the eqimtor of the planet, or imrallol to itw bclta. This latter
pluno ia inclined 3° 5' 30" to the orbit of the planet, nnd is

therefore but little different from the plane of the ecliptic.

Accordingly, wo bco their orbits projt. .ed very nearly into
straight lines, in which tlioy appear to oscillate to and fro,

sometimes imsaing before Jupiter, ,and casting shadows on
his disc (which are very visible in g* .<1 telescopes, like small
round ink spots, the circular form ( which is very evident),
nnd sometimes disappearing behind the body, or being
eclipsed in its shadow at n distonce from it. It is by thcao
eclipses that wo are furnished with accurate data for the
construction of tables of the satellites' motions, ns well as
with signals for determining difFercnccs of longitude.

(SSfi.) The eclipses of the satellites, in their general con-
ception, are perfectly onalogous to those of the moon, but in

their detail they differ in several particulars. Owing to tho
much greater distance of Jupiter from the sun, and its

greater magnitude, the cone of its shadow or umbra (art. 420.)
is greatly more elongated, and of far greater dimension, than
that of the earth. The satellites are, moreover, much less in
proportion to their primary, their orbits less inclined to its

ecliptic, and (comparatively to the diameter of the planet) of
smaller dimensions, than is the case with the moon. Owing
to these causes, the three interior eatellites of Jupiter pass
through the shadow, and are tottdly eclipsed, every revolution

;

and the fourth, though, from the greater inclination of its

orbit, it sometimes escapes eclipse, and maif occasionally graze
as it were the border of the shadow, And suffer partial eclipse,

yet does so comparatively seldom, and, ordinarily speaking,
its eclipses happen, like those of the rest, each revolution.

(537.) These eclipses, moreover, are not seen, as is tho
case with those of the moon, from the center of their motion,
but from a remote station, and one whose situation with
respect to the line of shadow is variable. This, of course,
makes no difference in the times of the eclipses, but a very
great one in their visibility, and in their apparent situations
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^
(ri.'JH.) Sui)po8o S to bo the sun, E the earth in its orbit

KFGK, J Jupiter, and a b the orbit of one of its eatojlilos.
The cone of tho shadow, then, will have its vertex at X, ii

point fur beyond the orbits of all tho satellites ; and tho

penumbra, owing to tho great distance of the aun, and the
consequent sniallncss of the angle (about (J . uly) itH disc
subtends at Jupiter, \n\\ hardly extend, within the limits of
the satellites' orbits, to any perceptible distance beyond the
shadow,— for which reason it is not represtinted in the figure.A satellite revolving from west to east (in the direction of
the arrows) will be eclipsed when it enters the shadow at a,
but not suddenly, because, like the moon, it has a considerable'
diameter seen from the planet ; so that the time elapsing
from the first perceptible loss of light to its total cxtinc;ion
will be that which it occupies in describing about Jupiter
an angle equal tc ita api>arent diameter as seen from the
center of the planet, or rather somewhat more, by reason of
the penumbra; and tha same remark applies to its emergence
at b. Now, owing to tho difference of telescopes and of eyes,
it is not possible to assign the precise moment of incii)ient
obscuration, or of total extinction at a, nor that of the first
glimpse of light falling on the satellite ut b, or the complete
recovery of its light. The observation of an eclipse, tl-ii,
in which only tho immersion, or only the emersion, is sfo.
is incomplete, and inadequate to afford any precise informa-
tion, theoretical or practioal. ^iut, if both the immersion
and emersion can be observed with the same telescope and by
the same person, the interval of the time- will j^ive the duration,

A A 4
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I

!

and their mean the exact middle of the eclipse, when the

satellite is in the line S J X, i. e. the true moment of its

opposition to the sun. Such observations, and such only, are

of use for determining the periods and other particulars of

the motions of the satellites, and for affording data of any
material use for the calculation of terrcstial lonjritudcs.

The intervals of the eclipses, it will be obaerved, give the

synodic periods of the satellites' revolutions ; from which their

sidereal periods must be concluded by the method in art. 418.

(539.) It is evident, from a mere inspection of our figure,

that the eclipses take place to the west of the planet, when
the earth is situated to the west of the line S J, i. e. before

the opposition of Jupiter ; and to the east, when in the other

half of its orbit, or after the opposition. When the earth

approaches the opposition, the visual line becomes more and
more nearly coincident with the direction of the shadow, and
the apparent place where the eclipses happen will be con-
tinually nearer and nearer to the body of the planet When
the earth comes to P, a point determined by drawing b F to

touch the body of the planet, the emersions will cease to be
visible, and will thenceforth, up to the time of the opposition,

happen behind the disc of the planet. Similarly, from the

opposition till the time when the earth arrives at I, a point

determined by drawing a I tangent to the eastern limb
of Jupiter, the emersions will be concealed from our view.
When the earth arrives at G (or H) the immersion (or emer-
sion) will happen at the very edge of the visible disc, and
when between G and H (a very small space), the satell-tcs

will pcss uneclipsed behind the limb of the planet.

(540.) Both the satellites and their shadows are frequently

observed to transit or pass across the disc of the planet.

When a satellite comes to m, its shadow will be thrown on
Jupiter, and will appear to move across it as a black spot till

the satellite comes to n. But the satellite itself will not
appear to enter on the disc till it comes up to the line drawn
from E to the eastern edge of the disc, and will not leave it

till it attains a similar line drawn to the western edge. It

appears then that the shadow will precede the satellite in its
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progress over the disc before the opposition of Jupiter, and
vice versa. In these transits of the satellites, which, with
very powerful telescopes, may be observed with great
precision, it frequently happens that the satellite itself is

discernible on the disc as a bright spot if projected on a dark
belt

; but occasionally also as a dark spot of smaller dimensions
than the shadow. This curious fact (observed by Schrooter
and Harding) has led to a conclusion that certain of the

satellites have occasionally on their own bodies, or in their

r.traospheres, obscure spots of great extent. We say of great
extent

; for the satellites of Jupiter, small as they appear to

us, are really bodies of considerable size, as the following

comparutive table will show:*

—

Mean apparent
diameter as leen
from the earth.

Mean apparent
diameter as seen from

Jupiter's center.

Diameter in

miles.
Mass.t

Jupiter

1st satellite

2il

3(1

4tli

39" -9

1

1-105

0-9U
1-488

1-273

33' 1 1"

17 35
18

8 46

91128
250S
206R
3377
2890

1 -0-,X)0000

0000173
0-000{y.'32

0-0000885
0-CKX)OA'27

From which it follows, that the first satellite appear.-', when
on Jupiter's horizon, as large as our moon to us ; the second
and third nearly equal to each other, and of somewhat more
than half the apparent diameter of the first, and the fourth

about one quarter of that diameter. So seen, they will

frequently, of course, eclipse one another, and cause eclipses

of the sun (the latter visible, however, only over a very small

portion of the planet), and their motions and aspects with
respect to each other must oflPer a perpetual variety and
singular and pleasing interest to the inhabitants of their

primary.

(541.) Besides the eclipses and the transits of the satellites

across the disc, they may also disappear to U6 when not
eclipsed, by passing behind the body of the planet. Thus,
when the earth is at E, the immersion of the satellite will be
seen at a, and its emersion at b, both to the west of the

Struve, Mem. Art. Soc. iii. dOl. Main. Do. xxv. p. 51.

t I.nplacc, Mec. Cul. liv. viii. § 27.
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plnnct, after which the satellite, still continuing its course in

the direction b, will pass behind the body, and again emerge

on the opposite side, after an interval of occultation greater

or less according to the distance of the satellite. This interval

(on account of the great distance of the earth compared with

the radii of the orbits of the satellites) varies but little in

the case of each satellite, being nearly equal to the time

which the satellite requires to describe an arc of its orbit,

equal to the angular diameter of Jupiter as seen from its

center, which time, for the several satellites, is as follows

:

viz., for the first, 2"* 20"; for the second, 2'^ 56™; for the

third, 3" 43™ ; and for the fourth, 4'» SG™; the corresponding

diameters ofthe planets as seen from these respective satellites

being, 19° 49' ;
12° 25' ; 1" 47' ; and 4° 25'.* Before the op-

position of Jupiter, these occultations of the satellites happen
after the eclipses : after the opposition (when, for instance,

the earth is in the situation K), the occultations take place

before the eclipses. It is to be observed, that, owing to the

proximity of the orbits of the first and second satellites to

the planet, both the immersion and emersion of either of
them can never be observed in any single eclipse, the im-
mersion being concealed by the body, if the planet be past its

opposition, the emersion if not yet arrived at it. So also of
the occultation. The commencement of the occultation, or
the passage of the satellite behind the disc, takes place while
obscured by the shadow, before opposition, and its re-emer-
gence after. All these particulars will be easily apparent on
mere inspection of the figure (art. 536.). It is only during
the short time that the earth is in the arc G H {i.e. between
the sun and Jupiter, that the cone of the shadow converging
(while that of the visual rays diverges) behind the planet,

permits their occultations to be completely observed both
at ingress and egress, unobscured, the eclipses being then
invisible.

(542.) An extremely singular relation subsists between the
mean angular velocities or mean motions (as they are termed)

• Those data are taken approximately from Mr. Woolhouse's paper in tlie
supplement to tlie Nnutical Almanack for 1835.
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of the three first satellites of Jupiter. If the mean angular
velocity of the first satellite be added to twice that of the
third, the sura will equal three times that of the second.
From this relation it follows, that if from the mean longitude
of the first, added to twice that of the third, be subducted
three times that of the second, the remainder will always be
the same, or constant, and observation informs us that this
constant is 180°, or two right angles; so that the situations
of any two of them being given, that of the third may be
found. It has been attempted to account for this remarkable
fact, on the theory of gravity by their mutual action ; and
Laplace has demonstrated, that if this relation were at any
one epoch approximately trne, the mutual attractions of the
satellites would, in process of time, render it exactly so.
One curious consequence is, that these three satellites cannot
be all eclipsed at once ; for, in consequence of the last-men-
tioned relation, when the second and third lie in the same
direction from the center, the first must lie on the opposite ;
and therefore, when at such a conjuncture the first is eclipsed,
the other two must lie between the sun and planet, throwing
their shadows on the disc, and vice versd.

(543.) Although, however, for the above mentioned reason,
the satellites cannot be all eclipsed at once, yet it may happen,
and occasionally does so, that all are either eclipsed, occulted,
or projected on the body, in which case they are, generally
speaking, equally invisible, since it requires an excellent tele-
scope to discern a satellite on the body, except in peculiar
circumstances. Instances of the actual observation of Jupiter
thus denuded of its usual attendance and offering the appear-
ance of a solitary disc, though rare, have been more than
once recorded. The first occasion in which this was noticed
was by Molyneux, on November 2d (old style), 1681.* A
similar observation is recorded by Sir W. Herschel as made
by him on May 23d, 1802. The phaenomenon has also been
observed by Mr. Wallis, on April 15th, 1826 (in which case
the deprivation continued two whole hours) ; and lastly by
Mr. H. Griesbach, on September 27th, 1843.

* * Molyneux, Optics, p. 27i,
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(544.) Tlie discovery of Jupiter's satellites, one of the

first fruits of the invention of the telescope, and of Galileo's

early and happy idea of directing its new-found powers to

the examination of the heavens, forms one of the most

memorable epochs in the history of astronomy. The first

astronomical solution of the great problem of " the longitude''^

—practically the most important for the interests of mankind

which has ever been brought under the dominion of strict

scientific principles, dates immediately from their discovery.

The final and conclusive establishment of the Copernican

system of astronomy may also be considered as referable to

the discovery and study of this exquisite miniature system,

in which the laws of the planetary motions, as ascertained by

Kepler, and especially that which connects their periods and

distances, were speedily traced, and found to be satisfactorily

maintained. And (as if to accumulate historical interest on

this point) it is to the observation of their eclipses that we
owe the grand discovery of the successive propagation of

light, and the determination of the enormous velocity of that

wonderful element. Tliis we must explain now at large.

(545.) The earth's orbit being concentric with that of

Jupiter and interior to it (see ^^. art. 536.), their nmtual

distance is continually varying, the variation extending from

the sum to the difference of the radii of the two orbits ; and

the difference of the greater and least distances being equal

to a diameter of the earth's orbit. Now, it was observed by

Koemer (a Danish astronomer, in 1675), on comparing to-

gether observations of eclipses of the satellites during

many successive years, that the eclipses at and about the

opposition of Jupiter (or its nearest point to the earth) took

place too soon— sooner, that is, than, by calculation from an

average, he expected them ; whereas those which happened

when the earth was in the part of its orbit most remote from

Jupiter were always too late. Connecting the observed error

in their computed times with the variation of distance, he

concluded, that, to make the calculation on an average period

correspond with fact, an allowance in respect of time behoved

to be made proportional to the excess or defect of Jupiter's

_
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and such that a diflference of distance of one diameter of the

earth's orbit should correspond to 16'"26''6 of time allowed.

Speculating on the probable physical cause, he was naturally

led to think of a gradual instead of an instantaneous pro-

pagation of light. This explained every particular of the

observed phaenomenon, but the velocity required (192,000

miles per second) was so great as to startle many, and, at all

events, to require confirmation. This has been afforded since,

and of the most unequivocal kind, by Bradley's discovery of

the aberration of light (art. 329.). The velocity of light

deduced from this last phaenomenon differs by less than one

eightieth of its amount from that calculated from the eclipses,

and even this difference will no doubt be destroyed by nicer

and more rigorously reduced observations. The velocity has

also been determined by M. Fizeau (by direct experiments

with a reflecting apparatus on a most ingenious principle,

suggested by Mr. Wheatstone for measuring the velocity of

the electric current) at 70,000 geographical leagues, 25 to

the degree = 194,600 statute miles per second.

(546.) The orbits of Jupiter's satellites are but little ex-

centric, those of the two interior, indeed, have no perceptible

excentricity. Their mutual action produces in them per-

turbations analogous to those of the planets about the sun,

and which have been diligently investigated by Laplace and

others. By assiduous observation it has been ascertained

that they are subject to marked fluctuations in respect of

brightness, and that these fluctuations happen periodically,

according to their position with respect to the sun. From
this it has been concluded, apparently with reason, that they

turn on their axes, like our moon, in periods equal to their

respective sidereal revolutions about their primary.

(547.) The satellites of Saturn have been much less

studied than those of Jupiter, being far more difficult to ob-

serve. The most distant has its orbit materially inclined

(no less than 12° 14')* to the plane of the ring, with which

the orbits of all the rest nearly coincide. Nor is this the only

* Lalande, Astron., Art. 3075
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circumstance which separates it by a marked difference of

character from the system of the seven inferior ones, and

renders it in some sort an anomalous member of the Saturnian

system. Its distance from the planet's center is no less than

64 times the radius of the globe of Saturn, a distance from

the primary to which our own moon (at 60 radii) offers the

only parallel. Its variation of light also in different parts of

its orbit is very much greater than in the case of any other

secondary planet. Dominic Cassini indeed (its first dis-

coverer, A.D. 1671) found it to disappear for nearly half its

revolution when to the east of Saturn, and though the more

powerful telescopes now in use enable us to follow it round

the whole of its circuit, its diminution of light is so great in

the eastern half of its orbit as to render it somewhat difficult

to perceive. From this circumstance (viz. from the defalca-

tion of light occurring constantly on the same side of Saturn

OS seen from the earth, the visual ray from which is never

very oblique to the direction in which the sun's light falls on

it) it is presumed, with much certainty, that this satellite

revolves on its axis in the exact time of rotation about the

primary ; as we know to be the case with the moon, and as

there is considerable ground for believing to be so with all

secondaries.

(548.) The next satellite in order, proceeding inwards, (as

it used to be considered until the recent discovery of an in-

termediate one,) was the first to be detected.* It is by far

the largest and most conspicuous of all, and is probably not

much inferior to Mercury in size. It is the only one of

the number whose theory and perturbations have been at all

enquired intof further than to verify Keple»'8 law of the

periodic times, which holds good, mutatis mutandis, and under

the requisite reservations, in this, as in the system of Jupiter.

The three next satellites, still proceeding inwards |, are very

minute, and require pretty powerful telescopes to see them

;

while the two interior satellites, which just skirt the edge of

* By HuyghenB, March Sfl, 1655.

t By Bpssel, Astr. Nachr. Nos. 193. 214.

t Discovered by Dominic Cassini in 1672 and 1684.

L
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the ring*, can only be seen with telescopes of extraordinary

power and perfection, and under the most favourable atmo-

spheric circumstances. At the epoch of tleir discovery they

were seen to thread, like beads, the almost infinitely thin

fibre of light to which the ring, then seen edgeways, was
reduced, and for a short time to advance off it at either end,

speedily to return, and hastening to their habitual conceal-

ment behind or on the body. An eighth very faint satellite

has been recently detected (between the two outermost of

the old satellites) simultaneously (perhaps within the same

hour of absolute time) by Messrs. Lassell and Dawes ob-

serving with the 24-inch reflector of the former, and by
Prof. Bond f with the great refractor at Cambridge, U. S.

(549.) Owing to the obliquity of the ring and of the orbits

of the satellites to Saturn's ecliptic, there are no eclipses, oc-

cultations, or transits of thes . bodies or their shadows across

the disc of their primary (the interior ones excepted), until

near the time when the ring is seen edgewise, and when they

do take place their observation is attended with too much
difficulty to be of any practical use, like the eclipses of

Jupiter's satellites for the determination of longitudes, for

* Discovered by Sir William ITcrscliol in 17S9.

f On the night of the 19th of Sept. 1848. Considerable confusion used
ulready to prevail, before the discovery of this satellite, in the nomenclature of
»(ie Saturnian system, owing to the order of discovery not coinciding with that

of distances. Astronomers were not agreed whether to call the two interior

satellites the 6th and 7th (reckoning inward) and the older ones the 1st, 2d, 3d,

4tli, and 5th, reckoning outward ; or to commence with the innermost and reckon
outwards, A-om 1 to 7. This confusion, which the introduction of an eighth
would have rendered intolerable, has been obviated by a mythological nomen-
clature, suggested in a former edition of this work, and which has been generally

accepted, in consonance with that at length completely established for the primary
pkncts. Taking the names of the Titanian divinities, the fallowing verses (par-

doning false quantities) afford an easy artificial memory.

lapetus cunctos supra rotat, hunccc sequuntur
Hyperion, Titun, Uhea, Dion£, TiSthys,

Enceladus, Mimas

—

It is worth remarking that Simon Marius, who disputed the priority of the
discovery of Jupiter's satellites with Galileo, proposed for them mythological
names, viz : — lo, Europa, Ganymede, and Callisto. The revival of tlicse names
would savour of a preference of Marius's claim, which, even if an absolute
priority were conceded (which it is not), would still leave Galileo's general

cliiim to the use of the telescope as a means of astronomical discovery intact.

But in the case of Jupiter's satellites there exists no confusion to rectify. Tluy
are constantly referred to by their numerical designations in every almanack.
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which reason they havo been hitherto little attended to by

astronomers.

(550.) A remarkable relation subsists between the periodic

times of the two interior satellites of Saturn and those of the

two next in order of distance ; viz. that the period of the

third (Tethys) is double that of the first (Mimas), and that

of the fourth (Dione) double that of the second (Enceladus).

The coincidence is exact in either case to about one 800th

part of the larger period.

(551.) The satellites of Uranus require very powerful and

perfect telescopes for their observation. Four are certainly

known to exist, to which (proceeding from without, inwards

in succession) the names Oberon, Titania, Urabriel, and

Ariel, of the fairies, sylphs, and gnomes of Shakspere and

Pope, have been assigned respectively. Of these Oberon

and Titania are tolerably conspicuous in a reflecting telescope

of 18 or 20 inches in aperture. They were discovered by

Sir W. Herschcl in 1787, and have since been reobscrvcd

by the author of this work, and subsequently by Messrs. Las-

sell, Otto Struve, and Lament. Umbriel (a much fainter

object) was also very probably seen by Sir W. Herschcl,

and described by him as " an interior satellite,"' but his ob-

servations of it were not sufficiently numerous and precise to

place its existence, at that time, beyond question. It was

rediscovered, however, by M. Otto Struve*, and observed

subsequently, on numerous occasions, by Mr. Lassell, to whom

we also owe the first discovery of Ariel t> as well as a fine

scries of observations and micrometrical measures of all four,

obtained at his observatory at Liverpool and during his re-

sidence in Malta in 1852-3, which forms a remarkable epoch

in the history of astronomical observation. Three other

satellites, intermediate between Oberon and Titania, the

others exterior to both, were suspected by Sir W. Herschel,

but their existence has not been confirmed. The periods

and distances of the four known satellites will be found in

the synoptic table at the end of the volume.

* October 8, 1817. t SeptemlKjr 14. 1847.
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(552.) The orbits of these satellites offer remarkable, and,

indeed, quite unexpected and unexampled peculiarities. Con-
trary to the unbroken analogy of the whole planetary system

— whether of primaries or secondaries— the planes of their

orbits are nearly perpendicular to the ecliptic, being inclined

no less than 78° 58' to that plane, and in these orbits their

motions are retrograde ; that is to say, their positions, when
projected on tiie ecliptic, instead of advancing from west to

east round the centre of their primary, as is the case with

every other planet and satellite, move in the opposite direc-

tion. Their orbits are nearly or quite circular, and they

do not appear to have any sensible, or, at least, any rapid

motion of nodes, or to have undergone any material change of

inclination, in the course, at least, of half a revolution of

their primary round the sun. When the earth is in the

plane of their orbits, or nearly so, their apparent paths arc

straight lines or very elongated ellipses, in which case they

become invisible, their feeble light being effaced by the

superior light of the planet, long before they come up to its

disc, so that the observations of any eclipses or occultations

they may undergo is quite out of the question with our

present telescopes.

(553.) If the observation of the satellites of Uranus be

difficult, those of Neptune, owing to the immense distance of

that planet, may be readily imagined to offer still greater

difficulties. Of the existence of one, discovered by Mr. Las-

sell*, there can remain no doubt, it having also been ob-

served by other astronomers, both in Europe and America.

According to M. Otto Struve f its orbit is inclined to the

ecliptic at the considerable angle of 35° ; but whether, as in

the case of the satellites of Uranus, the direction of its

motion be retrograde it is not possible to say untU it shall

have been longer observed.

• On July 8tb, 1847.

t Astron. Nachr, No. 629,, from hu own observation, September II th to

December 20tb, 1847.

I

14. 1847.
B B
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CHAPTER XL

OP COMETS.

OREAT NUMBKR OP RECORDED COMETS.—THE NUMBER OF TnOSR

UNRECORDED PROBABLY MUCH GREATER, GENERAL DESCUIP-

TION OF A COMET.— COMETS WITFIOOT TAILS, OR WITH MORE

THAN ONE. — THEIR EXTREME TENUITY THEIR PROBABLE

STRUCTURE.—MOTIONS CONFORMABLE TO THE LAW OP GRAVITY.

— ACTUAL DIMENSIONS OF COMETS. — PERIODICAL RETURN Ol'

SEVERAL.—HALLEY's COMET.—OTHER ANCIENT COMETS PROBABLY

PERIODIC.

—

ENCKE's COMET.

—

BIELA'S.— FAYE'S.— LEXELL's.—DE

VICO'S. BRORSEN's.— PETERS'S.— GREAT COMET OF 1843. —ITS

PROBABLE IDENTITY WITH SEVERAL OLDER COMETS. — GREAT

INTEREST AT PRESENT ATTACHED TO COMETAHY ASTRONOMY,

AND ITS REASONS. REMARKS ON COMETARY ORBITS IN OENKIUL.

—GREAT COMET OF 1858.

(554.) The extraordinary aspect of comets, their rapid and

seemingly irregular motions, the unexpected manner in which

they often burst upon us, and the unposing magnitudes which

they occasionally assume, have m all ages rendered them

objects of astonishment, not unmixed with superstitious drenxl

to the uninstructed, and an enigma to those most conversant

with the wonders of creation and the operations of natural

causes. Even now, that we have ceased to regard theur

movements as irregular, or as governed by other laws than

those which retain the planets in their orbits, their intimate

nature, and the offices they perform in the economy of our

system, are as much unknown as ever. No distinct and

satisfactory account has yet been rendered of those immensely

voluminous appendages wliich they bear about with them, and

which are known by the name of their tails, (though impro-

perly, since they often precede them in their motions,) any

more than of several other singularities which they present.

(555.) The number of comets which have been astro-

nomically observed, or of which notices have been recorded

ijufan-ajsfe
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in histoiy, ia very great, amounting to several hundreds*;
and when wo consitler that in the earlier ages of iwtrononiy,

and inttecd in more recent tinier, before the invention of tlio

telescope, only large and connpicuoua ones were noticed ; and
that, since duo attention has been paid to the sulyect,

Bcarcely a ye.ar has passed without the observation of one or

two of these bodies, and that sometimes two and oven three

have appeared at once ; it will be easily supposed that their

actual number must be at least many thousanda Multitudes,

indeed, must escape all observation, by reason of their paths

traversing only that part of the heavens which is above the

horizon in the daytime. Comets so circumstanced can only

become visible by the rare coincidence of a total eclipse of the

Bun,— a coincidence which happened, as related by Seneca,

sixty-two years before Clirist, when a largo comet was ac-

tually observed very near the sun. Several, however, stand

on record aa having been bright enough to be seen with the

naked eye in the daytime, even at noon and in bright sun-

sliine. Such were the comets of 1402, 1532, and 1843, and
that of 43 B. c. which appeared during the games celebrated

by Augustus in honoiu- of Venus shortly after tlie death of

Cajsar, and which the flattery of poets dechu*ed to be the

soul of that hero taking its place among the divinities.

(556.) That feelings of awe and astonishment should bo
excited by the sudden and unexpected appearance of a great

comet, is no way surprising ; being, in fact, according to the

accounts we have of such events, one of the most imposino-

of all natural phasnomena. Comets consist for the most part

of a largo and more or less splendid, but ill defined nebulous

mass of light, called the head, which is usually much brighter

towards its center, and offers the appearance of a vivid nucleus,

• See catalogues in the Alrnugest of Riccioli ; Pingrfi's Comctographie
j

Dclambre's Astron. vol. iii. ; Astronomische Abliandlungen, No. 1. (wbicli
contains the elements of all the orbits of comets which have been computed to
the time of its publication, 1823); also a catalogue, by the Rev. T. J. Hu.<!scy.
Lond. & Ed. Phil. Mag. vol. ii. No. 9. tt teq. In a list cited by Lalande from
the 1st vol. of the^ Tables de Berlin, 700 comets are enumerated. See also
notices of the Astronomical Society and Astron. Nachr. passim. A great many
of the more ancient comets are recorded in the Chinese Annals, and in some
cases with sufficient precision to allow of the calculation of rudely approximate
orbits from their motions so described.

II u 2
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iiko ft 8tar or planet. From the hetui, and in a tlircction

opposite to that in which the atth is aituated from the comet

appear to diverge two atrcama of light, which grow Ijroiulcr

and more diffuaed at it. diataiico from the head, and which

moat commonly cloac in and unite at a little distance be-

hind it, but Bometimca continue distinct for a great part of

tlicir course ; producing an effect like that of the trains loft

by some bright meteors, or like the diverging firo of a sky-

rocket (only without sparks or perceptible ni' lum). This is

the tail. This magnificent appendage attains occiujionally

an immense apparent length. Ariatolhi relates oi' the tail

of the comet of 371 n. c, that it o ii
. d a third of the

hemiaphero, or 60° ; that of a. u. 1618 is stated to have been

attended by a train no leas than 104° in length. The

comet of 1680, the most celebrated of modern times, and

on many accounta the moat remarkable of all, with a

head not exceeding in bnghtnesa a star of the second mag-

nitude, covered with its tail an extent of more than 70° of

the heavens, or, as some accounts state, 90° ; tluit of the

comet of 1769 extended 97°, and that of the last great comet

(1843) was estimated at about 65° when longcs". Tho

figure {Jig. 2., Plate II.) is a representation of the comet of

1H19— by no means one of the most considerable, but which

waa, however, very conspicuous to the naked eye.

(557.) The tail is, however, by no means an invariable

appendage of comets. Many of the brightest have been

observed to have short and feeble tails, and a few great

comets have been entirely without them. Those of 1585

and 1763 offered no vestige of a tail; and Cassini describes

the comets of 1665 and 1682 aa being as round* and as well

defined as Jupiter. On the other hand, instances are not

wanting of com ; fnuiished with many tails or streams of

diverging light. Thrtt oi' ', 744 had r o less than six, spread

out like an iiruicudt; tai\. xtending to a distance of nearly

* This description, however, applies to the " disc " of the head of these comets

as seen in a telescope. Cassini's expressions are, "aussi rond, aiissi net, et nussi

clair que Jupiter," (where it is to he observed that the latter epithet must by

no means be translated bright). To understand this passage fully, the readvr

must refer to the description given further on, of the "disc" of HalU-y's comet,

;iftiT its iicrihelion passage in 1835-C.
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?0» in Icngt). The small comet of 1823 liad two, making
au angle of obout lfiO°, the brighter turned a» usual from
the sun, the fainter towards it, or nearly so. The tails of
cometH, toi arc often somewhat curved, bending, in general,

towardrt the region which the comet haa left, as if moving
somewhat more slowly, or as if resisted in their course.

(558.) The smaller comets, such .s arc visible only in

telcBCopos, or with difliculty by the naked eye, and which
are by far the moat numerous, otFer very frequently no

ai)pcaranco of a tail, and appear only as round or somewhat
oval vaporous masses, more dense towards the center,

where, however, they appear to have no distinct nucleu-*, or

anything which seems entitled to be considered as a olid

body. This woe shown in a very remarkable manner in the

case of the comet discovered by Mirs Mitchell in 1847, which
on the 5th of October in that year iissed centralbj over a star

of the fifth magnitude : so centrall that with a magnifying

power of 100° it was impossible to drtermine in which direc-

tion the extent of the nebulosity w ^ greatest. The star's

light seemed in no degree enfeebled ; ct such a star would
be completely obliterated by a moderate fog, extending only

a few yards from the surface of the eai h. And since it ia

an observed fact, that even those larger comets which have
presented the appearance of a nucleus have yet exhibited

no phases, though we cannot doubt tha they shine by the

reflected solar light, it follows that even these can only be
regarded as great masses of thin vapour, nscepiiblo of beino-

penetrated through their whole substanci by the sunbeams,

and reflecting them alike from their inter, r parts and from
their surfaces. Nor will any one rcj^ard ti is explanation as

forced, or feel disposed to resort to a phospi orescent quality

in the comet itself, to account for the phajnoi. -na in question,

when we consider (what will be hereafter s ivvn) the enor-

mous magnitude of the space thus illuminat- I, and the ex-

tremely small mass which there is ground to attribute to

these bodies. It will then be evident that the most un-
substantial clouds which float in the highest regions of our

atmosphere, and seem at sunset to be drenche( in light, and
II B n
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to glow throughout their whole de;)th as if in actual ignition,

without any shadow or dark side, must he looked upon as

dense and massive bodies compared with the filmy and all

but spiritual texture of a comet. Accordingly, whenever

powerful telescopes have been turned on these bodies, they

have not failed to dispel the illusion which attributes solidity

to that more condensed part of the head, which appears to the

naked eye as p nucleus ; though it is true that in some, a very

minute stellar point has been seen, indicating the existence

of something more substantial.

(559.) It is in all probability to the feeble coercion of the

elastic power of their gaseous parts, by the gravitation of so

small a central mass, that we must attribute this extra-

ordinary developement of the atmospheres of comets. If the

earth, retaining its present size, were reduced, by any

internal change (as by hollowing out its central parts) to one

thousandth part of its actual mass, its coercive power over

the atmosphere would be diminished in the same proportion,

and in consequence the latter would expand to a thousand

times its actual bulk ; and indeed much more, owing to the

still farther diminution of gravity, by the recess of the upper

parts from the center.* An atmosphere, howevpr, free to

expand equally in all directions, would envelope the nucleus

spherically, so that it becomes necessary to admit the action

of other causes to account for its enormous extension in the

direction of the tail, — a subject to which we shall presently

take occasion to recur.

(560.) That the luminous part of a comet is something in

the nature of a smoke, fog, or cloud, suspended in a trans-

parent atmosphere, is evident from a fact which has been

often noticed, viz. — that the portion of the tail where it

comes closest to, and surrounds the head, is yet separated

from it by an interval less luminous, as if sustained and kept

off from contact by a transparent stratum, as we often see one

layer of clouds over another with a considerable clear space

• Newton has calculated (Princ. III. p. 512.) that a globe of air of ordi-

nary density at the earth's surface, of one inch in diameter, if reduced to the

density due to the altitude above the surface of one radius of the earth, would

occupy a sphere exceeding in radius the orbit of Saturn. The tail of a great

comet then, for aught we can tell, may consist of only a very few pounds or even

ounces of matter.

M
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between. These, and most of the other facts observed in

the liistory of comets, appear to indicate that the structure

of a comet, as seen in section in the direction of its length,

must be t^iat of a hollow envelope, of a parabolic form,

enclosing near its vertex the nucleus and head, something aa

represented in the annexed figure. This would account for

the apparent division of the tail into two principal lateral

m>--

branches, the envelope being oblique to the line of sight at

its borders, and therefore a greater depth of illuminated

matter being there exposed to the eye. In all probability,

however, tliey admit great varieties of structure, and among
them may very possibly be bodies of widely different physical

constitution, and there is no doubt that one and the same
comet at different epochs undergoes great changes, both in

the disposition of its materiiJs and in their physical state.

(561.) We come now to speak of the motions of comets.

These are apparently most irregular and capricious. Some-
times they remain in sight only for a few days, at others for

many months ; some move with extreme slowness, others

with extraordinary velocity; while not unfrequently, the

two extremes of apparent speed aie exhibited by the same
comet in different parts of its course. The comet of 1472

described an arc of the heavens of 40' of a great circle * in

a single day. Some pursue a direct, some a retrograde, and
others a tortuous and very irregular course; nor do they

confine themselves, like the planets, within any certain region

of the heavens, but traverse indifferently every part. Their

variations in apparent size, during the time they continue

visible, are no less remarkable than those of their velocity

;

sometimes they make their first appearance as faint and slow

moving objects, with little or no tail ; but by degrees ac-

* 120° in extent in the former editions. But this was the arc described in
longitude, and llie comet at the time referred to had great north latitude.
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celerate, enlarge, and throw out from them this appendage,

which increaees in length and brightness till (as always

happens in such cases) they approach the sun, and are lost

in his beams. After a time they again emerge, on the

other side, receding from the sun with a velocity at first

rapid, but gradually decaying. It is for the most part after

thus passing the sim, that they shine forth in all their

splendour, and that their tails acquire their greatest length

and developement ; thus indicating plainly the action of the

sun's rays as the exciting cause of that extraordinary emana-

tion. As they continue to recede from the sun, their motion

diminishes and the tail dies away, or is absorbed into the

head, which itself grows continually feeblor, and is at length

altogether lost sight of, in by far the great, r number of cases

never to be seen more.

(562.) Without the clue furnished by the theory of gravi-

tation, the enigma of these seemingly irregular and capricious

movements might have remained for ever um-esolved. But

Newton, having demonstrated the possibility of any conic

section whatever being described about the sun, by a body

revolving under the dominion of that law, immediately per-

ceived the applicability of the general proposition to the case

of cometary orbits ; and the great comet of 1 680, one of the

most remarkable on record, both for the immense length of

its tail and for the excessive closeness of its approach to the

sun (witliin one sixth of the diameter of that luminary),

affoi-ded him an excellent opportunity for the trial of his

theory. The success of the attempt was complete. He
ascertained that this comet described about the sun as its

focus an elliptic orbit of so great an excentricity as to be

undistinguishable from a parabola, (which is the extreme, or

limiting form of the ellipse when the axis becomes infinite,)

and that in tliis orbit the areas described about the sun were,

as in the planetary ellipses, proportional to the times. The
representation of the apparent motions of this comet by such

an orbit, throughout its whole observed course, was found

to be as satisfactory as those of the motions of the planets

in their nearly circular paths. From that time it became

a received truth, that the motions of comets are regulated



MOTIONS OF COMETS. 877

8 appendage,

1 (as always

and are lost

erge, on the

ocity at first

lost part after

in all their

eatest length

action of the

linary emana-

, their motion

rbcd into the

d is at length

mber of cases

!ory of gravi-

md capricious

jsolved. But

of any conic

in, by a body

aediately per-

on to the case

JO, one of the

nse length of

)proach to the

at luminary),

i trial of his

omplete. He
he sun as its

icity as to be

le extreme, or

omee infinite,)

the sun were,

s times. The

3omet by such

se, was found

}f the planets

me it became

are regulated

by the same general laws as those of the planets— the

difference of the cases consisting only in the extravagant

elongation of their ellipses, and in the absence of any limit

to the inclinations of their planes to that of the ecliptic— or

any general coincidence in the direction of their motions

from west to east, rather than from east to west, like what is

observed among the planets.

(563.) It is a problem of pure geometry, from the general

laws of elliptic or parabolic motion, to find the situation and

dimensions of the ellipse or parabola which shall represent

the motion of any given comet. In general, three complete

observations of its right ascension and declination, with the

times at which they were made, suffice for the solution of

this problem, (which is, however, by no means an easy one,)

and for the determination of the elements of the orbit.

These consist, mutatis mutandis, of the same data as are re-

quired for the computation of the motion of a planet ; (that

is to say, the longitude of the perihelion, that of the ascend-

ing node, the inclination to the ecliptic, the semiaxis, excen-

tricity, and time of perihelion passage, as also whether the

motion is direct or retrograde ;) and, once determined, it

becomes very easy to compare them with the whole observed

course of the comet, by a process exactly similar to that of

art. 502., and thus at once to ascertain their correctness,

and to put to the severest trial the truth of those general

laws on which all such calculations are founded.

(564.) For the most part, it is foimd that the motions of

comets may be sufficiently well represented by parabolic

orbits,—that is to say, ellipses whose axes are of infinite

length, or, at least, so very long that no appretiable error

in the calculation of Aeir motions, during all the time they

continue visible, would be incurred by supposing them actually

infinite. The parabola is that conic section which is the

limit between the ellipse on the one hand, which returns

into itself, and the hyperbola on the other, which runs out

to infinity. A comet, .therefore, which should describe an

elliptic path, however long its axis, must have visited the

sun before, and must again return (unless disturbed) in some
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determinate period,—but should its orbit be of the hyperbolic

character, when once it had passed its perihelion, it could

never more return within the sphere of our observation, but

must run off to visit other systems, or be lost in the immensity

of space. There is no instance of a comet whose orbit has

been very carefully calculated by more than one computist

being proved to have described a hyperbola, though several

have been suspected of doing so.* Many have been well

apcoitained to move in ellipses. These latter, in so far as

their orbits can remain unaltered by the attractions of the

planets, must be regarded as permanent members of our

system.

(565.) We must now say a few words on the actual di-

mensions of comets. The calculation of the diameters of

their heads, and the lengths and breadths of their tails, offers

not the slightest difficulty when once the elements of their

orbits are known, for by these we know their real distances

from the earth at any time, and the true direction of the tail,

which we see only foreshortened. Now calculations instituted

on these principles lead to the surprising fact, that the comets

are by far the most voluminous bodies in our system. The
following are the dimensions of some of those which have

been made the subjects of such enquiry.

(566.) The tail of the great comet of 1680, inamediately

after its perihelion passage, was found by Newton to have

been no less than 20000000 of leagues in length, and to have

occupied only two days in its emission from the comet's body I

a decisive proof this of its being darted forth by some active

force, the origin of which, to judge from the direction of the

tail, must be sought in the sun itself. Its greatest length

amounted to 41000000 leagues, a length much exceeding the

whole interval between the sun and earth. The tail of the

comet of 1769 extended 16000000 leagues, and that of the

great comet of 1811, 36000000. The portion of the head of

this' last, comprised within the transparent atmospheric en-

velope which separated it from the tail, was 180000 leagues

• For example, that of 1 723, calculated by Burckhardt; that of 1771, by both

Tiurckhardt and Enckc ; and the second comet of 1818, by Rosenberg and
Schwabe.
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in diameter. It is hardly conceivable, that matter once pro-

jected to such enormous distances should ever be collected

again by the feeble attraction of such a body as a comet—

a

consideration which accounts for the surmised progressive

diminution of the tails of such as have been frequently

observed.

(567.) The most remarkable of those comets which have

been ascertained to move in elliptic orbits is that of Halley,

BO called from the celebrated Edmund Halley, who, on cal-

culating its elements from its perihelion passage in 1682,

when it appeared in great splendour, with a tall 30° in

length, was led to conclude its identity with the great

comets of 1531 and 1607, whose elements he had also

ascertained. The intervals of these successive apparitions

being 75 and 76 years, Halley was encouraged to predict

its reappearance about the year 1759. So remarkable a

prediction could not fail to attract the attention of all as-

tronomers, and, as the time approached, it became extremely

interesting to know whether the attractions of the larger pla-

nets might not materially interfere with its orbitual motion.

The computation of their influence from the Newtonian law

of gravity, a most difficult and intricate piece of calculation,

was undertaken and accomplished by Clairaut, who found

that the action of Saturn would retard its return by 100

days, and that of Jupiter by no less than 518, making in all

618 days, by which the expected return would happen later

than on the supposition of its retaining an tmaltered period,—
and that, in short, the time of the expected periheUon passage

would take place within a month, one way or other, of the

middle of April, 1759.— It actually happened on the 1 2th

of March in that year. Its next return was calculated by

several eminent geometers*, and fixed successively for the

4th, the 7th, the 1 1th, and the 26th of November, 1835

;

the two latter determinations appearing entitled to the

higher degree of confidence, owing partly to the more com-

plete discussion bestowed on the observations of 1682 and

Dumoisuau, Pontecoulant, Ilosenberger, and Lehmami.
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1759, and partly to the continually improving state of our

knowledge of the methods of estimating the disturbing effect

of the several planets. The last of these predictions, that of

M. Lehmann, was published on the 25th of Jidy. On the

5th of August the comet first became visible in the clear

atmosphere of Rome as an exceedingly faint telescopic

nebula, within a degree of its place as predicted by M.
llosenberger for that day. On or about the 20th of Au-
gust it became generally visible, and, pursuing very nearly

its calculated path among the stars, passed its perihelion on
the 16th of November; after which, its course carrying

it south, it ceased to be visible in Europe, though it continued

to be conspicuously so in the southern hemisphere throughout

February, March, and April, 1836, disappearing finally on
the 5th of May.

(568.) Although the appearance of this celebrated comet

at its last apparition was not such as might be reasonably

considered likely to excite lively sensations of terror, even in

superstitious ages, yet, having been an object of the most
diligent attention in all parts of the world to astronomers,

furnished with telescopes very far surpassing in power those

which had been applied to it at its former appearance in 1759,

and indeed to any of the greater comets on record, the

opportunity thus afforded of studying its physical structure,

and the extraordinary phaenomena which it presented when
so examined have rendered this a memorable epoch in cometic

history. Its first appearance, while yet very remote from the

Bun, was that of a small round or somewhat oval nebula,

quite destitute of tail, and having a minute point of more
concentrated light excentrically situated within it. It

was not before the 2d of October that the tail began to be
developed, and thenceforward increased pretty rapidly, being

already 4° or 5° long on, the oth. It attained its greatest

apparent length (about 20°) on the 15th of October. From
that time, though not yet arrived at its perihelion, it decreased

with such rapidity, that already on the 29th it was only 3°,

and on November the 6th 2^° in length. There is every

.:^wujiuu.-- .aiJUMjiigijKAaiasagaaatt!^ -
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reason to believe that before the i)erihelion, the tail had
altogether disappeared, as, though it continued to be observed

at Pulkowa up to the very day of its perihelion passage, no
mention whatever is made of any tail being then seen.

(5G9.) By far the most striking phajnoraena, however, ob-

Berved in this part of its career, were those which, commencing

simultaneously with the growth of the tail, connected them-

selves evidently with the production of that appendage and

its projection from the head. On the 2d of October (the

very day of the first observed commencement of the tail)

the nucleus, which had been faint and small, was observed

suddenly to have become much brighter, and to be in the act

of throwing out a jet or stream of light from its anterior part,

or that turned towards the sun. Tliis ejection after ceasing

awhile was resumed, and with much greater apparent violence,

on the 8 th, and continued, with occasional intennittences, so

long as the tail itself continued visible. Both the form of

this luminous ejection, and the direction in which it issued

from the nucleus, meanwhile underwent singular and capri-

cious alterations, the different phases succeeding each other

with such rapidity that on no two successive nights were the

appearances alike. At one time the emitted jet was single,

and confined within narrow limits of divergence from the

nucleus. At others it presented a fan-shaped or swallow-

tailed form, analogous to that of a gaa-flarae issuing from a

flattened orifice : while at others again two, three, or even

more jets were darted forth in different directions.* (See

figiu-es a, b, c, d, plate I. fig 4., which represent, highly mag-

nified, the appearances of the nucleus with its jets of light,

on the 8th, 9th, 10th, and 12th of October, and in which the

direction of the anterior portion of the head, or that fronting

the sun, is supposed alike in all, viz. towards the upper part

of the engraving. In these representations the head itself

is omitted, the scale of the figures not permitting its intro-

duction: e represents the nucleus and head as seen October

* See the exquisite lithographic repTOsentations of these phenomena by Uessel.

Astron. Nnchr. No. 302., and the fine series by Schwabe in No. 297. of that

collection, as also the magnificent drawings of Struve, from which our figures a,

h, c, d, ore copied.

U
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9thi on a less scale.) The direction of the principal jet was

obnerved meanwhile to oscillate to and fro on either side of

a line directed to the sun in the manuer of a compass-needlt!

when thrown into vibration and oscillating about a mean

position, the change of direction being conspicuous even from

hour to hour. These jets, though very bright at their point

of emanation from the nucleus, faded rapidly away, and

became diffused as they expanded into the coma, at the same

time curving backwards as streams of steam or smoke would

do, if thrown out from narrow orifices, more or less obliquely

in opposition to a powerful wind, against which they were

unable to make way, and, ultimately yielding to its force, so

as to be drifted back and confoiuided in a vaporous train,

following the general direction of the current. *

(570.) Reflecting on these phaenomena, and carefully con-

sidering the evidence afforded by the numerous and elabo-

rately executed drawings which have been placed on record

by observers, it seems impossible to avoid the following con-

clusions. 1st. That the matter of the nucleus of a comet is

powerfully excited and dilated into a vaporous state by the

action of the sun's rays, escaping in streams and jets at those

points of its surface which oppose the Iciwt resistance, and in

all probability throwing that surface or the nucleus itself into

irregular motions by its reaction in the act of so escaping,

and thus altering its direction.

2dly. That this process chiefly takes place in that portion

of the nucleus which is turned towarc' > the sun ; the vapour

escaping chiefly in that direction.

3dly. That when so emitted, it is prevented from proceeding

in the direction originally impressed upon it, by some force

directed from the sun, drifting it back and carrying it out to

vast distances behind the nucleus, forming the tail or so much

of the tail as can be considered as consisting of material

substance.

4thly. That this force, whatever its nature, acts unequally

• On this point Schwabe's and Bessel's drawings are very express and un-
equivocal. Struvc's attention sccnis to have been more cs]:)ccially directed to tlic

scrutiny of the nucleus.

i
;.sia;a8!sMa«a!!8Big9^iijjimr^-
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on the materials of tlio comet, the greater portion remaining

unvaporized, and a considerable part of the vapour actually

I)roduced, remaining in its neighbourhood, forming the head

and coma.

5thly. That the force thus acting on the materials of the

tail cannot possibly be identical with the ordinary gravitation

of matter, being centrifugal or rcpidaive, as respects the sun,

and of an energy very for exceeding the gravitating force

towards that luminary. This will be evident if we consider

the enormous velocity with which the matter of the tail ia

carried backwards, in opposition both to the motion which it

had as part of the nucleus, and to that which it acquired in

the act of its emission, both which motions have to bo

destroyed in the first instance, before any movement in the

contrary direction can be impressed.

6thly. That unless the matter of the tail thus repelled

from the sun be retained by a peculiar and highly encrgctio

attraction to the nucleus, differing from and exceptional to

the ordinary power of gravitation, it must leave the nucleus

altogether ; being in effect carried far beyond the coercive

power of so feeble a gravitating force as would correspond to

the minute mass of the nucleus ; and it is therefore very

conceivable that a comet may lose, at every approach to the

sun, a portion of that peculiar matter, whatever it be, on which

the production of its tail depends, the remainder being of

course less excitable by the solar action, and more impassive

to his rays, and therefore, pro tanto, more nearly approximating

to the nature of the planetary bodies.

7thly. That considering the immense distances to which

at least some portion of the matter of the tail is carried from

the comet, and the way in which it is dispersed through the

system, it is quite inconceivable that the whole of that matter

should be reabsorbed— that therefore it must lose during its

perihelion passage some portion of its matter, and if, as would

seem far from improbable, that matter should be o. nature

to be repelled from, not attracted by, the sun, the remainder

will, by consequence, be, pro quantitate inertiis, more energeti-

cally attracted to the sun than the mean of both. If then
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the orbit be elliptic, it will perform each successive revolution

in a shorter time than the preceding, until, at length, the

whole of the repulsive matter is got rid of.— But to return

to the comet of Hallcy.

(571.) After the perihelion passage, the comet was lost

sight of for upwards of two months, and at its reappearance

(on 'he 24th of January, 1836) presented itself under quite

a difFerc it aspect, having in the interval evidently undergone

some gi eat physical change v;hich had operated an entire

transformation in its appearance. It no longer presented

any vestige of tail, but appeared to the naked eye as a hazy

star of about the fourth or fifth magnitude, and in powerful

telescopes as a small, rounc', well defined disc, rather more

than 2' in diameter, surroutiOod with a nebulous chevelure or

coma ofmuch greater extent. Within the disc, and somewhat

excentrically s^.uated, a minute but bright nucleus appeared,

from which extended towards the posterior edge of the diso

(or that remote from the sun) a short vivid luminous ray.

(See fig. 1. pi. VI.) As the comet receded from the sun,

the coma speedily disappeared, as if absorbed into the disc,

which, on the other hand, increased continually in dimensions,

and that vith ^^uoh rapidity, that in the week elapsed from

January 25th to February 1st (calculating from micrometrical

measures, and from the known distance of the comet from

the earth on those days), the actual volume or real solid con-

tent of the illuminated space had dilated in the ratio of

upwards of 40 to 1.* And so it continued to swell out with

undiminished rapidity, until, from this cause alone, it ceased

to be visible, the illumination becoming fainter as the mag-

nitude increased; tdi at length the outline became undistin-

guishable from simple want of light to trace it. While this

* On the night of the 22nd of January the comet was observed by M. Bogus-
lawski of Breslau, a* a itar of the sixth magnitude, a bright concentrated point,

which showed no disc with a magnifying power of 140, and that it actually wat
the comet he assured himself by turning his telescope the next night on the place

where he saw it (which he had carefully noted and registered). It was gone.

From his observation it appears then that at IT** 50°^ M.T. at Breslau, Jan. 22.

the diameter of *hu nucleus with its envelope was rigorously niV, at which
moment, within an iiour one way or the other, the prooess of formation of the

envelope must have commenced.
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increase of dimension proceeded, the form of the disc passed,

by gradual and successive additions to its length in tlie direc-

tion opposite to the sun, to that of a paraboloid, as i cpreaentcd

in^ fig. 1, plate VI., the anterior curved portion jjrcscrving its

planetary sharpness, but the base being faint and ill-defined.

It is evident that had this process continued with sufficient

liglit to render the residt visible, a tail would have been
ultimately reproduced ; but the increase of dimension being
accompanied with diminution of brightness, a short, im-
perfect, and as it were rudimentary tail only was formed,
visible as such for a few nights to the naked eye, or in a low
magnifying telescope, and that only when the comet itself

had begun to fade away by reason of its increasing distance.

(572.) While the parabolic envelope was thus continually

dilating and growing fainter, the nucleus underwent little

change, but the ray proceeding from it increased in length

and comparative brightness, preserving all the time its direc-

tion along the axis of the paraboloid, and offering none
of those irregular and capricious phajnomcna which charac-

terized the jets of light emitted 'anteriorly, previous to the

perihelion. If the office of those jets was to feed the tail,

the converse office of conducting back its successively con-

densing matter to the nucleus would seem to be that of

the ray now in question. By degrees this also faded, and
the last appearance presented by the comet was that which
it offijred at its first appearance in August ; viz. that of a
small round nebula with a bright poir.t in or near the center.

(573.) Besides the comet of Halley, several other of the

great comets recorded in history have been surmised with

more or less probability to return periodically, and therefore

to move in elongated ellipses around the sun. Such is the

great comet of 1680, whbse period is estimated at 575 years,

and which has been considered, with at least a high primafacti
probability, to be identical with a magnificent comet observed

at Constantinople and in Palestine, and referred by con-

temporary historians, both European and Chinese, to the year

A.D. 1105; with that of A.D. 575, which was seen at noon-

day close to the sun ; with the comet of 43 b. c, already

C c
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epokon of aa having appeureil after the death of Cnosar, and

which was also observed in the day-time ; and finally with

two other comets, mention of which occurs in the Sibylline

Oracles, and in a passage of Homer, and which are rcfcirrcd, na

well as the obscurity of chronology and the indications thcm-

eelves will allow, to the years 018 and 1194 B.C. It is to

tlio a88ume<l near approacli of this comet to the earth about

the time of the Deluge, that Winston ascribed that over-

whelming tide-wave to whose agency his wild fancy ascribed

that great catastrophe—a speculation, it is needless to remark,

purely visionary. These coincidences of time are certainly

remarkable, especially when it is considered how very rare

are the appearances of comets of this class. Professor Encke,

however, has discussed, with all possible care, the observations

recorded of the comet of 1680, taking into consideration the

perturbations of the planeta (which are of trifling importance,

by reason of the great inclination of its orbit to the ecliptic),

and his calculations show that no elliptic orbit, with such a

period as .575 years, is competent to represent them within

any probable or even possible limits of error, the most pro-

bable period assigned by them beiny 8814 Julian years.

Independent of this consideration, there are circumstances

recorded of the comet of a. d. UOfi incompatible with its

motion in any orbit identical with that of the comet of 1680,

80 that the idea of referring all these phsenomena to one and

the same comet, however seducing, must be relinquished.

(574.) Another great comet, whoso return about the year

1848 had been considered by more than one eminent authority

in this department of astronomy * highly probable, is that

of 1556, to the terror of whose aspect some historians have

attributed the abdication of the Emperor Charles V. This

comet is supposed to be identical with that of 1264, men-

tioned by mony historians as a great comet, and observed

also in China,— the conclusion in this case resting upon

the coincidence of elements calculated on the observations,

Buch OS they are, which have been recorded. On the

• Pingrd, Cumetographio, i. 411 ; Lnlande, Astr. SI 85.
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Buhjcct of this coincidence Mr. Hind has entered into

many elaborate calculations, the roaiilt of which is strongly
in favour of the supposed identity. This probability is

farther increased by the fact of a comet, with a tail of K)'
nnd a head bright enough to be visible after sunrise, having
ai)ptarcd in A. d. 975 : and of two others having been re-

corded by the Chinese annalists in A. i). ^95 and KM. It
is true that if thi.ve be the same, the mean period would
bo somewhat short of 292 years. Hut the effect of planetary

perturbation n.ight reconcile even greater diffcrcncc«*, and
though up to the time of our writing (1858) no such comet
has yet been observed, two or three yciirs must yet elapse,

in the opinion of those best competent to judge, before its

return must be considered hopeless.

(.575.) In 1661, 1532, 1402, 1145, 801, and 243 groat
comets appeared— that of 1402 being bright enough to bo
seen at noon day. A period of 129 years would conciliuto

all these appearances, and should have brought back the
comet in 1789 or 1790 (other circumstances agreeing).
That no such comot was observed abnut that time is no
proof that it did not return, since, owing to the situation

of its orbit, had the perihelion passage taken place in July
it might have escaped observation. Mechain, indeed, from an
elaborate discussion of the observations of 1532 ^nd 1661, came
to the conclusion that these comets were not the same ; but
the elements assigned by Olbers to the earlier of them differ

so widely from those of Mechain for the same comet on the
one hand, and agree so well with those of the last named
astronomer for the other *, that wc are perhaps justified in

regarding the question as not yet set at rest.

(576.) We come now, however, to a class of comets of
short period, respecting whose return there is no doubt, in-

asmuch as two at least of them have been identified as

having performed successive revolutions round the sun ; have
had their return predicted already several times ; and have
on each occasion scrupulously kept to their appointments.

* See Schumacher's Catal. Astron. Abhandl. i.

c c 2
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The first of these is the comet of Encke, so called from

Professor Encke of Berlin, who first ascertained its periodical

return. It revolves in an ellipse of great eccentricity (though

not comparable to that of Halley's), the plane of which is in-

clined at an angle of about 1 3° 22' to the plane of the ecliptic,

and in the short period of 12 11 days, or about 3^ years. This

remarkable discovery was made on the occasion of its fourth

recorded appearance, in 1819. From the ellipse then cal-

culated by Encke, its return in 1822 was predicted by him,

and observed at Paramatta, in New South Wales, by M.

Kiimker, being invisible in Europe : since which it has been

re-predicted and re-observed in all the principal observatories,

both in the northern and southern hemispheres, as a phas-

nomenon of regular occurrence.

(577.) On comparing the intervals between the successive

perihelion passages of this comet, after allowing in the most

careful and exact manner for all the disturbances due to the

actions of the planets, a very singular fact has come to light,

viz. tliat the periods are continually diminishing, or, in other

words, the mean distance from the sun, or the major axis of

the ellipse, dwindling by slow and regular degrees at the

rate of about 0^-11 per revolution. This is evidently the effect

which would be produced by a resistance experienced by the

comet from a very rare ethereal medium pervading the regions

in which it moves; for such resistance, by diminishing its

actual velocity, would diminish also its centrifugal force, and

thus give the sun more power over it to draw it nearer.

Accordingly this is the solution proposed by Encke, and at

present generally received. Should this be really the case,

it will, therefore, probably fall ultimately into the sun, should

it not first be dissipated altogether,—a thing no way improb-

able, when the lightness of its materials is considered. The

considerations adduced at the end of art. 570. would seem,

however, to open out another possible explanation of the

phaenomenon in question, not necessarily leading to such

a catastrophe.

(578.) By measuring the apparent magnitude of this comet

at different distances from the sun, and thence, from a know-

-•^TSJ-J ^T&mm'^^mm':
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I, from a know-

ledge of its actual distance from the earth at the time, con-
cluding its real volume, it has been ascertained to contract
in bulk as it approaches to, and to expand as it recedes
from, that luminary. M, Valz, who Vas the first to notice
this fact, accounts for it by supposing it to undergo a real

compression or condensation of volume arising from the
pressure of an oethereal medium which he conceives to grow
more dense in the sun's neighbourhood. But such an hypo-
thesis is evidently inadmissible, since it would require us to
assume the exterior of the coroot to be in the nature of a skin
or bag impervious to the conjpressing medium. The pha;-

nomenon is analogous to the increase of dimension above
described, as observed in the comet of Halley, when in the
act of receding from t..e sun, and is doubtless referable to a
similar cause, viz. the alternate conversion of evaporable
matter into the states of visible cloud and invisible gas, by
the alternating action of cold and heat. This comet has no
tail, but offers to the view only a small ill-defined nucleus,
excentrically situated within a more or less elongated oval
mass of vapours, being nearest to that vertex which ia

towards the sun.

(579.) Another comet of short period is that of Biela, so
called from M. Biela, of Josephstadt, who first arrived at this
interesting conclusion on the occasion of its appearance in
1826. It is considered to be identical wHh comets which
appeared in 1772, 1805, &c.,and describes its very excentric
ellipse about the sun in 2410 days, or about 6| years ; and in
a plane inclined 12° 34' to the ecliptic. It appeared again,
according to the prediction, in 1832 and in 1846. Its orbit,
by a remarkable coincidence, very nearly intersects that of the
earth

; and had the latter, at the time of its passage in 1832,
been a month in advance of its actual place, it would have
passed through the comet,— a singular rencontre, perhaps
not unattended with anger.*

*
?^*l"''^

calculation establish the fact of a resistance experienced also by this

inZl %»"''•""' fP^r^ical comets will assume an exLordinary degree ofmterest. It cannot be doubted that many more will be discoveril. and by
C c 3
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(580.) This comet is smnll and hardly visible to the naked

eye, even when brightest. Nevertheless, as if to make up

for its seeming insignificance by the interest attaching to it

in a physical point of view, it exhibited at its appearance

in 1846, a phajnomenon which struck every astronomer with

amazement, as a thing without previous example in the

history of our system.* It was actually seen to separate

itself into two distinct comets, which, after thus parting

company, continued to journey along amicably through an arc

of upwards of 70° of their apparent orbit, keeping all the

while within the same field of view of the telescope pointed

towards them. The first indication of something unusual

being about to take place might be, perhaps, referred to the

19th of December,1845,when the comet appeared to Mr. Hind

pear-shaped, the nebulosity being unduly elongated in a di-

rection inclining northward. But on the 13th of January,

at Washington in America, and on the 15th and subsequently

in every part of Europe, it was distinctly seen to have become

double ; a very small and faint cometic body, having a nucleus

of its own, being observed appended to it, at a distance of about
2' (in arc) from its center, and in a direction forming an angle

of about 328° with the meridian, runn'ng northwards from the

principal or original comet (see art. 204). From this time the

separation of the two comets went on progressively, though

slowly. On the 30th of January, the apparent distance of

tlicir resistance questions will come to be decided, such as the following:—What
is the law of density of the resistins; medium which surrounds the sun? Is it

nt rest or in motion? If the hitter, in what direction does it move? Circularly

round the sun, or traversing space ? If circularly, in what plane ? It is obvious
that a circular or vorticose motion of tlie ther would accelerate tome comets and
retard others, according as their revolution was, relative to such motion, direct

or retrograde. Supposing the nciglibourhood of the (sun to be filled with a
material fluid, it is not conceivable that the circulation of the planets in it for

ag<.'S sl-tould not have impressed upon it some degree of rotation in their own
direction, ^\nd this may preserve them from the extreme effects of accumulated
resistance.— Note to edition of 1 833.

• Perhaps not ([uite so. To say nothing of a singular surmise of Kepler,
that two great comets seen at once in 1618, might be a single comet separated into

two, the following passage of Hevelius cited by M. Littrow (Nuchr. 564.) does
really seem to refer to souie plia;nomenon bearing at least a certain analogy to it.

" In ipso disco," he says (Cometographia, p. 326.) " guatuor vel quinque corpus-
cula quffidam give nucleos reliquo corpore aliquauto deusiores ostcndcbat."
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the nucleus had increased to 3', on the 7th of February to 4',

and on the 13th to 5', and so on, until on the 5th of March

the two comets were separated by an interval of 9' 19', the

apparent direction of the line of junction all the while varying

but litile with respect to the parallel.*

(581.)During this separation, very remarkable changes were

observed to be going on, both in the original comet and its

companion. Both had nuclei, both had short tails, parallel in

direction, and nearly perpendicular to the line of junction, but

whereas at its first observation on January 13th, the new comet

was extremely small and faint in comparison with the old, the

difference both in point of light and apparent magnitude di-

minished. On the 10th of February, they were nearly equal,

although the day before the moonlight had effaced the new one,

leaving the other bright enough to be well observed. On the

14th and 16th, however, the new comet had gained a decided

superiority of light over the old, presenting at the same time

a sharp and starlike nucleus, compared by Lieut. Maury to a

diamond spark. But this state of things was not to continue.

Already, on the 18th, the old comet had regained its supe-

riority, being nearly twice as bright as its companion, and

offering an unusually bright and starlike nucleus. From

this period the new companion began to fade away, but

continued visible up to the 15th of March. On the 24th the

comet appeared again single, and on the 22nd of April both

had disappeared.

(582.) "While this singular interchange of light was going

forwards, indications of some sort of communication between

the comets were exhibited. The new or companion comet,

besides its tail, extending in a direction parallel to that of the

other, threw out a faint arc of light which extended as a

kind of bridge from the one to the other ; and after the resto-

ration of the original comet to its former preeminence, it, on

its part, threw forth additional rays, so as to present (on the

22nu and 23rd February) the appearance of a comet with

* By far the greater portion of tiiis increase of apparent distance was due to

the comet's increased proximity to the earth. The real increase reduced to o

distance= 1 of the comet was at the rate of about 3" per diem.

c c 4
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three faint tiiils forming angles of about 120° with each other,

one of which extended towards its companion.*

(583.) Professor Plantamour, director of the observatory
of Geneva, having investigated the orbits of both these
comets as separate and independent bodies, from the exten-
sive and careful series of observations made upon them, ar-

rived at the conclusion that the increase of distance between
the two nuclei, at least during the intervalfrom February \Oth
to March 22nd, was simply apparent, being due to the va-
riation of distance from the earth, and to the angle under
which their line ofjunction presented itself to the visual ray;
the real distance during all that interval (neglecting small
fractions) having been on an average about thirty-nine times
the semi-diameter of the earth, or less than two- thirds the
distance of the moon from its center. From this it would
appear that already, at this distance, the two bodies had
ceased to exercise any perceptible amount of perturbative
gravitation on each other; as, indeed, from the probable
minuteness of cometary masses we might reasonably expect.
It laay well be supposed that astronomers would not allovv

so remarkable a duplication to pass unwatched at the next
return of the comet in 1852. In August and September of
that year both nuclei were observed by Professor Challis at

Cambridge, Secchi at Rome, and M. Struve, presenting, as
regards direction, the same relative situation with regard to

each other, so that we have here the historical proof of a per-
manent addition to the members of our system taking place
at a definite instant under our very eye. (Pi. VI., fig. 2.)

(584.) A third comet, of short period, has been added to
our list by M. Faye, oi the observatory of Paris, who de-
tected it on the 22d of November, 1843. A very few ob-
servations sufliced to show that no parabola would satisfy

the conditions of its motion, and that to represent them cooi-
pletely, it was necessary to assign to it an elliptic orbit of
very moderate excentricity. The calculations of M. Nicolai,

• These last mentioned particulars rest on the testimony of Lieutenant
Maury of Waslnngton, who had the advantage of using n nine-inch objecUciass
of Munich manufacture. It does not appear that any largt telescope was turned
upon It in Europe on the dates in question.
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subsequently revised and slightly corrected by M. Leverrier,

have shown that an almost perfect representation of its mo-
tions during the whole period of its visibility would be

afforded by assuming it to revolve in a period of 2717^'68

(or somewhat less than 7^ years) in an ellipse whose excen-

tricity is 0-55596, and inclination to the ecliptic 11° 22' 31";

and taking this for a basis of further calculation, and by
means of these data and the other elements of the orbit

estimating the effect of planetary perturbation during the

revolution now in progress, he fixed its next return to the

perihelion for the 3d of April, 1851, with a probable error

one way or other not exceeding one or two days. This

prediction has been strikingly verified. It actually passed

its perihelion on the 1st of April, 1851, having been re-

discovered by Professor Challis at Cambridge in November,

1850, and followed beyond the perihelion by M. Otto Struvo

up to March 4. 1851.

(585.) The effect of planetary perturbation on the motion

of comets has been more than once alluded to iu what has

been above said. Without going minutely into this part of

the subject, which will be better understood after the perusal

of a subsequent chapter, it must be obvious, that as the

orbits of comets are very excentric, and inclined in all sorts

of angles to the ecliptic, they must, in many instances, if not

actually intersect, at least pass very near to the orbits of

some of the planets. We have already seen, for instance,

that the orbit of Biela's comet so nearly intersects that of the

earth, that an actual collision is not impossible, and indeed

(supposing neither orbit variable) must in all likelihood happen

in the lapse of some millions of years. Neither are instances

wanting of comets having actually approached the earth

within comparatively shor* distances, as that of 1770, which

on the Ist of July of that year was within little more than

seven times the moon's distance. The same comet, in 1767,

passed Jupiter at a distance only one 58th of the radius

of that planet'a orbit, and it has been rendered extremely

probable that it is to the disturbance its former orbit under-

went during that appulsc that we owe its appearance within
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our own range of vision. This exceedingly remarkable
comet waa found by Lexell to describe an elliptic orbit with
an excentricity of 0-7858, with a periodic time of about
five years and a half, and in a plane only 1° 34' inclined to

the ecliptic, having passed its perihelion on the 13th of
August, 1770. Its return of course was eagerly expected,
but in vain, for the comet has never been certainly identified

with any comet since seen. Its observation on its first re-

turn in 1776 was rendered impossible by the relative situ-

ations of the perihelion and of the earth at the time, and
before another revolution could be accomplished (aa has since
been ascertained), viz. about the 23d of August, 1779, by
a singukr coincidence it again approached Jupiter within
one 491st part of its distance from the sun, being nearer to
that planet by one fifth than its fourth satellite. No wonder,
therefore, that the planet's attraction (which at that distance
would exceed that of the sun in the proportion of at least

200 to 1) should completely alter the orbit and deflect it

into a curve, not one of whose elements would have the least

resemblance to those of the ellipse of Lexell. It is worthy
of notice that by this rencontre with the system of Jupiter's

satellites, none of their motions suffered any perceptible de-
rangement,— a suflScient proof of the smallness of its mass.
Jupiter, indeed, seems, by some strange fatality, to be con-
stantly in the way of comets, and to serve as a perpetual
stumbling-block to them.

(586.) On the 22nd of August, 1844, Signer de Vico,
director of the observatory of the CoUegio Romano, discovered
a comet, the motions of which, a very few observations
sufficed to show, deviated remarkably from a parabolic orbit.

It passed its perihelion on the 2nd of September, and con-
tinued to be observed until the 7th of December. Elliptic

elements of this comet, agreeing remarkably well with each
other, were accordingly calculated by several astronomers;
from which it appears that the period of revolution is about
1990 days, or 5^ (5-4357) years, which (supposing its orbit
undisturbed in the interim) would bring it back to the peri-
helion on or about the 13th of January, 1850, on which

-^mm mm
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occasion, however, by reason of its unfavourable situation

with respect to the sun and earth, it could not be observed.

As the assemblage and comparison of these elements, thus

computed independently, will serve better, perhaps, than any
other example, to afford the student an idea of the degree of

arithmetical certainty capable of being attained in this branch
of astronomy, difficult and complex as the calculations tlicm-

Bclves are, and liable to error as individual observations of a
body so ill defined as the smaller comets are for the most
part, we shall present them in a tabular form, as on the next
page : the elements being as usual ; the time of perihelion

passage, longitude of the perihelion, that of the ascending
node, the inclination to the ecliptic, semiaxis and excentricity

of the orbit, and the periodic time.

This comet, when brightest, was visible to the naked eye,

and had a small tail. It is especially interesting to astrono-

mers from the circumstance of its having been rendered ex-

ceedingly probable by the researches of M. Leverrier, that it

is identical with one which appeared in 1678 with some of its

elements considerably changed by perturbation. This comet

is further remarkable, from having been concluded by
Messrs. Laugier and Llauvais, to be identical with the comet

of 1585 observed by Tycho Brahe, and possibly also with

those of 1743, 1766, and 1819.

(587.) Elliptic elements have in like manner been assigned

to the cornet discovered by M. Brorsen, on the 26th of

February, 1846, which, like that last mentioned, speedily

after its discovery began to show evident symptoms of

deviation from a parabola. These elements, with the names
of their respective calculators, arc as follow. The dates arc

for February 1846, Greenwich time.

Computed by Brunnow. Hind.
Van WllHngen
and Dc Haan.

Perllielion passage

I^ong. of Perihelion

Long, of i^ - -

Inclination

iSomiaxis ...
Excentricity

Period (ilays)

25^- 37794
1 16° 28' 34"-0

102 39 36- 5
30 55 6-5

3-1.5021

0-79363
2012

25'- 33109
11 6° 28' 17"-8

102 45 20- 9
30 49 3- e

3- 1 2292
0-79771

201

6

2S'<- 02227
116° 23' 52"-9

103 31 25-7
30 30 30-

2

2-870J2
773 13

1776
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Tlu8 comet ia faint, and presents nothing remarkable in

its appearance. It8 chief interest arises from the great

similiarity of its parabolic elements to those of the comet o(

1532, the place of the perihelion and node, and the inclination

of the orbit, being almost identical.

(588.) Elliptic elements have also been calculated by

M. D'Arrest, for a comet discovered by M. Peters, on the

26th of June 1846, which go to assign it a place among the

comets of short period, viz. 5804'**3, or very nearly 16 years.

The excentricity of the orbit is 0-75672, its semiaxis 6-32066,

and the inclination of its plane to that of the ecliptic

31° 2' 14". Tbia comet passed its perihelion on the 1st of

June 1846.

(589.) By far the most remarkable comet, however, which

has been seen dui-ing the present century, is that which

appeared in the spring of 1843, and whose tail became

visible in the twilight of the 17th of March in England as

a great beam of nebulous light, extending from a point

above the western horizon, through the stars of Eridanus and

Lepus, under the belt of Orion. This situation was low and

unfavourable; and it was not till the 19th thai; the head was

seen, and then only as a faint and ill-defined nebula, very

rapidly fiuling on subsequent nights. In more southern

latitudes, however, not only the tail was seen, as a magnificent

train of light extending 50° or 60° in length ; but the head

and nucleus appeared with extraordinary splendour, exciting

in every country where it was seen the greatest astonish-

ment and admiration. Indeed, all descriptions agree in repre-

senting it aa a stupendous spectacle, such as in superstitious

ages would not fail to have carried terror into every bosom.

In tropical latitudes in the northern hemisphere, the tail

appeared on the 3d of Match, and in Van Diemen's Land, so

early as the Ist, the comet having passed its perihelion on

the 27th of February. Already on the 3d the head was so

far disengaged from the immediate vicinity of the sun, as to

appear for a short time above the horizon after sunset. On
this day when viewed through a 46-inch achromatic

telescope it presented a planetiiry disc, from which raya
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I f.

emerged in the direction of the tail. The tail waa double,

consisting of two principal lateral streamers, making a very

small angle with each other, and divided by a comparatively

dark line, of the estimated length of 25", prolonged however

on the north side by a divergent streamer, making an angle

of 5° or 6° with the general direction of the axis, and trace-

able as far as 65° from the head. A similar though fainter

lateral prolongation appeared on the south side. A fine

drawing of it of this date by C. P. Smyth, Esq. of the

Royal Obscrvatorj', C. G. H., represents it as highly sym-

metrical, and gives the idea of a vivid cono of light, with a

dark axis, and nearly rectilinear sides, inclosed in a fainter

cone, the sides of which curve slightly outwards. The light

of the nucleus at this period is compared to that of a star of

the first or second magnitude; and on the 11th, of the third;

from which time it degraded in light so rapidly, that on the

19th it was invisible to the naked eye, the tail all the

while continuing brilliantly visible, though much more so at

a distance from the nucleus, with which, indeed, its connexion

waa not then obvious to the unassisted sight— a singidar

feature in the history of this body. The tail, subsequent to

the 3d, waa generally speaking a single straight or slightly

curved broad band of light, but on the 11th it is recorded by

Mr. Clerihew, who observed it at Calcutta, to have shot forth

a lateral tail nearly twice aa long as the regular one but

fainter, and making an angle of about 18° with its direction

on the southern side. The projection of this ray (which

was not seen either before or after the day in question) to

Bo ouurmous a length, (nearly 100°) in a single day conveys an

impression of the intensity of the forces acting to produce

such a velocity of material transfer through space, such aa

no other natural phsenomenon is capable of exciting. It is

clear that if we have to deal here with matter, such as we
conceive it, viz. possessing inertia— at all, it must be under

the dominion of forces incomparably more energetic than

gravitation, and quite of a different nature.

(590.) There is abundant evidence of the comet in question

having been seen in full daylight, and in the sun's immediate

vicinity. It was so seen on the 28th of February, the day
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after its j)onhelion passage, by every person on boanl the

II. E. I.e. S. Owen Ulciidowcr, then off the Cape, as a short

dagger-like object close to the sun a little before simact. On
the same day at 3,*" 6" P. M., and consequently in full sun-

shine, the distance of the nucleus from the sun was actually

measured with a sextant by Mr. Clarke of Portland, United
States, the distance center from center being then only
3° 50' 43". He describes it in the following terms : " The
nucleus and also every part of the tail were as well defined

as the moon ou u clear ua^. The nucleus and tail bore the

same ajjpcarancc, and resembled a perfectly pure white cloud

without any variation, except a slight change near the head,

just sufficient to distinguish the nucleus from the tail at that

point." The dcnscncss of the nucleus was so considerable,

that Mr. Clarke had no doubt it might have been visible upon
the sun's disc, had it passed between that and the observer.

The length of the visible tail resulting from these measures

was 59' or not fur from double the apparent diameter of the

sun ; and as we shall presently see that on the day in question

the distance from the earth of the sun and comet must have
been verj- nearly equal, tliis gives us about 1700000 miles

for the linear dimensions of this the densest portion of that

appendage, making no allowance for the foreshortening,

which at that time waa veiy considerable.

(591.) The elements of this comet are among the most re-

markable of any recorded. They have been calculated by
se\eral eminent astronomers, among whose results we shall

specify only those which agree best ; the earlier attempts to

compute its path having been rendered uncertain by the dif-

ficulty attending exact observations of it in the first part of
its visible career. The following are those which seem
entitled to most confidence^: —

Encke. Flantamour. Knorre. Kicolal. Pcteri.

Perihol pass., 1M3
Feb., mean lime at
Greenwich. - W"! 45096 274-42938 27<l 30638 i7<i -43023 3T<'4I319
Long, nrpcrihel.
Long of n .

ST9° V 30" 2780 1
8' 3" J780 28' 26" 278° 30' 33" 279" 69' 7"

4 I& A OS! 4'
I 48 3 1 37 56 3 6S 17

IncIinactoD • 3K 13 38 M» K 3.1 S.'S 29 a.'i 36 29 36 16 42
I'erihel. diit. 0-OOMW 000581 OnOftTO 0'005,')8 000428
Motion Reliograde. Retrograde. Retrograde. Retrograde. Retrograde.
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(592.) What renders tliesc elements so remarkable is the

smallnesa of the pcrihellun tliatancc. Of all cometH which

have been rcconlod thia had mtulo the nearest apjjroach to the

sun. The sun's radius being the sine of his apparent

Bcmi-diamctcr (16' 1") to a radius equal to the earth's mean

diatance=l, is represented on that scale by 0*00-iCG, which

falls short of 0'00534, the perihelion distance found by takin<^

a mean of all the foregoing results, by only 0'000G8, or about

one seventh of its whole magnitude. The comet, therefore,

approached the luminous surface of the sun within about a

sevonth part of the sun's radius I It is worth while to con-

sider what is implied in such a fact. In the first place, the

intensity both of the light and radiant heat of the sun at

different distances from that luminary increase proportionally

to the spherical area of the portion of the visible hemifphcro

covered by the sun's disc. This disc, in the case of the earth,

at its mean distance has an angular diameter of 32' V'l. At
our comet in perihelio the apparent angular diameter of the sun

was no less than 121° 32'. The ratio of the spherical surfaces

thus occupied (as oppcars from spherical geometry) is that of

the squares of the sines of the fourth parts of these angles to

each other, or that of 1 : 47042. And in this proportion are

to each other the amounts of light and heat thrown by the sun

on an equal area of exposed surface on our earth and at the

comet in equal instants of time. Let any one imagine tiie

effect of so fierce a glare as that of 47000 suns such as wo
experience the warmth of, on the materials of which the

earth's surface is composed. To form some practical idea of

it we may compare it with what is recorded of Parker's great

lens, whvise diamr' r was 32^ inches, and focal length six feet

eight ii ches. ' effect of this, supposing all the light and

heat transmitted, and the local concentration perfect, (boiii

conditions very imperfectly satisfied,) would be to enlarge the

sun's effective angular diameter to 23° 26', which, compared

on the same principle with a sun of 32' in diameter, would

give !X multiplier of only 1U15, and when increased sevenfold

(as was usually the case j, by interposing a concentrating lens,

1340J instead of 47000. The heat to which the comet was
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question, on tho lowest calculation, in the proportion of 24|
to 1 witl;oiit, or 3l to 1 with tho concentrating lens. Yet
that lens, so used, nulted carnclian, agate, and rock crystal I

(.^93.) To this extremity of heat however the comet was
exposed but for a short time. Its actual velocity in perihclio
W!is no Icfis than 366 miles per second, and the whole of that
segment of its orbit above {i.e. north of) tho plane of tho
ecliptic, and in which, as will appear from a consideration of
the elemonts, the perihelion was situated, was described in
little more than two hours ; such being the whole dui-ation
of the time from the ascending to the descending node, or in
which the comet had north latitude. Arrived at the descend-
ing node, its distance from the sun would be already doubled,
and the radiation reduced to one fourth of its maximum
amount. The comet of IC^ift, whoso perihelion distance was
0-0062, and which therefore ai)proached the sun's surface
within one third part of his radius (more than double tho
distance of the comet now in question) was computed by
Newton to have boon subjected to an intensity of lu at 2000
times that of rod-hot iron,—a term of comparison indeed of n
very vague description, and which modern thomotica do not
recognize as afFordixig a legitimate measm • of radiant heat.*

i.) Although some of the observutions of this comet
were vague nnd inaccurate, yet there seem good grcunda
for believing that its whole course cannot be reconciled
with a parabolic orbit, and that it really describea an ellipse.

Previous to auy calculation, it was remarked that in tho
year 1668 the tail of an immense comet was seen in Lisbon,
at Bologna, in Brazil, and elsewliore, occupying nearly tho
same situation among the stars, and at the same season of
the year, viz. on the 5tli of March and the following days.

A transit ol the comet ot 184,; . ..r tho sun's disc must probal.ly have takenplace Nhori y after its passage -I.rough its descending node. It is Rreatlv to baregretted tl at so interesting . plia>nomcnon should have passed unobserved
AVI.cther It be possible that some . iFset of its tail, darted olT so late as the 7thot March, when the com.t was already far south of the ecliptic, shoul.l havecrossed that plane and been seen near the Pleiades, may be <loubted. Certain itIS. that on the evening of that day, . decidedly cometic ray was seen in theimmediate neighbourhood of those stars by Mr. Nasmyth. ^Ast. Soc. Notices,

D D



402 OUTLINES OF A8TUONOMY.

Its brightness was such that its reflected trace was easily

distinguished on the sea. The head, when it at length came

in sight, was comparatively frmt and scarce discernible. No

precise observations were made of this comet, but the singular

coincidence of situation, season of the year, and physical

resemblance, excited a strong suspicion of the identity of the

two bodies, implying a period of 175 years within a day or

two more or less. This suspicion has been converted almost

into a certainty by a careful examination of what is recorded

of the older comet. Locating on a celestial chart the situa-

tion of the head, concluded from the dkection and appearance

of the tail, when only that waa seen, and its visible place,

when mentioned, according to the descriptions given, it has

been found practicable to derive a rough orbit from the

course thus laid down: and this agrees in all its features

so well with that of the modem comet as nearly to remove

all doubt on the subject. Comets, moreover, are recorded to

have been seen in A.D. 268, 442-3, 791, 968, 1143, 1317,

1494, which may have been returns of this, since the period

above-mentioned would bring round its appearance to the

years 268, 443, 618, 793, 968, 1143, 1318, and 1493, and a

certain latitude must always be allowed for unknown pertur-

bations.

(595.) But this is not the only comet on record whose

identity with the comet of '43 has been maintained. In

1689 a comet bearing a considerable resemblance to it was

observed from the 8th to the 23d of December, and from

the few and rudely observed places recorded, its elements had

been calculated by Pingre, one of the most dihgent enquirers

into this part of astronomy.* From these it appears that

the perihelion distance of that comet was very remarkably

small, and a sufficient though indeed rough coincidence in the

places of the perihelion and node tended to corroborate the

suspicion. But the inclination (69°) assigned to it by Pingrd

appeared conclusive against it. On recomputing the elements,

however, from his data. Professor Pierce has assigned to that

comet an inclination widely differing from Pingrd's, viz.

• Autlior of the " Comdtographie," a work indispensable to all who would

study this interesting department of the science.

flli;
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30° 4-, and quite within reasonable limits of resemblance.But how does this agree with the longer period of 175 years
before ass>gned? To reconcUe this we must suppose'tl"

itd'th t ^T r'"^'^"
"* ^'^* "^'Sht returns of the comet,and that m effect a mean period of 2^-875 must be allowed

Il^l'/'iri, ^7/* i^^^rth remarking that this period
calculated backwards from 1843-156 will bring us upon a seriesof years remarkable for the appearance of great co!„ets,many
of which, a. weU as the imperfect descriptions we have of
their appearance and situation in the heavens, offer at leastno obvious contradiction to the supposition of their identity
>vith this. Besides those akeady mentioned as indicated by
the period of 175 years, we may specify as probable or
possible intermediate returas, those of the comets of 1733 H
1689 above-mentioned, 1559?, 1537^:, 1515S, 1471 1426
405-6, 1383, 1361, 1340 1|, 1296, 1274, 230 f 208
098, 1056, 1034,1012-,990?tt,925?,858??,684}t 55I'

530§§ 421,245 or 247
nil, 180^ 158. Should tbsW ofthe subject be the true one, we may expect its return about

that time to the sun, and theTose na^ °^f '
, P'^^'T'ty f the comet at

doubt almost any giv'cn ^nJ^:.^Tj;MZV^Lrtr:^^^^^ "°
est m such cases is not

> o ascend from the old incorrect Zatrol f V""

u.U.d..) within rair limits of interpreta^^t^l^1s^^J'^riTuS'^;

eai I theTefr.

''"'''''' ^"^ «'^^' ''°"*'-"" -"«» "^ May ,7th seems too

IIIL\l'li?rs{5. "" ""'' ""'"*"' *"^ '^'='"'' °f F^'Jinand'he Catholic.

J^
P. P. 13.0^31. Evidently a southern comet, and a very probable appear-

'• P P !m?"nor ''^^ Vevha^s a return of Halley's.

..eavens! « ^"eda 'bletL^le; yr/.'7l4r/clm 'r
-"'!!""/"' onf-

all these recorded appearances are taken)
^ ^ Cometograph.e, from whom

^^tt P. P. 990031. ..Com^te fort ^pouvantable," ..„. y„, between 989 and

obslr^;.
""• ''''''• '" '''' "•'P^-l '-" - 'hree comets. Dates begin to be

ChlL^L^SertroTe "'''""''" ''' """^ '''' "'^ «>""- "^-"ed in

on!l^oth''.'mrb'e wr°oV""'^"
"""^*'°' "'^ ^"'"^^ """^'^- ^"^ ^^^ "'

11 P. P. 180-656. NOV.6.A.D.180. A southern comet of the Chinese annal*
O D 2
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tlic end of 1864 or beginning of 1865, in which event it will

be observable in the Southern Hemisphere both before and

after its perihelion passage.*

(596.) M. Clausen, from the assemblage of all the obser-

vations of this comet known to him, has calculated elliptic

elements which give the extraordinarily short period of

6-38 years. And in effect it has been suggested that a still

further subdivision of the period of 21-875 into three of

7-292 years would reconcile this with other remarkable

comets. This seems going too far, but at all events the

possibility of representing its motions by so short an ellipse

will easily reconcile us to the admission of a period of 2 L

years. That it should only be visible in certain apparitions,

and not in others, is sufficiently explained by the situation

of its orbit.

(597.) We have been somewhat diffuse on the subject of

this comet, for the sake of showing the degree and kind of

interest which attaches to comctic astronomy in the preset i

state of the science. In fact, there is no branch of astronomy

more replete with interest, and we may add more eagerly

pursued at present, inasmuch as the hold which exact calcu-

lation gives us on it may be regarded as completely esta-

blished -, so that whatever may be concluded as to the motions

of any comet which shall henceforward come to be observed,

Avill be concluded on sure grounds and with numerical pre-

cision ; while the improvements which have been introduced

into the calculation of cometary perturbation, and the daily

increasing familiarity of numerous astronomers with compu-

tations of this nature, enable us to trace their past and future

history with a certainty, which at the commencement of the

present century could hardly have been looked upon as

attainable. Every comet newly discovered is at once sub-

jected to the ordeal of a most rigorous enquiry. Its elements,

roughly calculated within a few days of its appearance, are

gradually approximated to as observations accumulate, by a

• Clausen, Astron. Naclir. No. 415. Mr. Cooper's remarks on this comet in

liis Catalogue of Comets (notes, p. xviii.) go to assign by far the greatest weight

pf probability to a periotl of 351' for this comet.

^**ic^



cnt it will

Before and

the obscr-

ted elliptic

period of

that a still

three of

remarkable

events the

t an ellipse

jriod of 21

apparitions,

le situation

; sxibject of

and kind o^"

the prese? i,

f nstronomy

ore eagerly

exact calcu-

Ictely esta-

thc motions

3c observed,

ntierical prc-

i introduced

id the daily

vith compu-

it and future

ment of the

ed upon as

at once sub-

Its elements,

learance, are

mulate, by a

on this comet in

1 greatest wciglit

INTKREST ATTACHED TO COMETAKV ASTUONO.MY. 405

multitude of ardent and expert computitits. On the least

indication of a deviation from a parabolic orbit, its elliptic

elements become a subject of universal and lively interest and

discussion. Old records are ransacked, and old observations

reduced, with all the advantage of improved data and

methods, so as to rescue from oblivion the orbits of ancient

comets which present any similarity to that of the new visitor.

The disturbances undergone in the interval by the action of

the planets are investigated, and the past, thus brought into

unbroken connection with the present, is made to afford sub-

stantial ground for prediction of the future. A great impulse

meanwhile has been given of late years to the discovery of

comets by the establishment in 1840*, by his late Majesty

tlie King of Denmark, of a prize medal to be awarded for

every such discovery, to the first observer, (the influence of

which may be most unequivocally traced in the great number
of these bodies which every successive year sees added to our

list,) and by the circulation of notices, by special letter f, of

every such discovery (accompanied*, when possible, by an

ephemcris), to all observers who have shown that thoy take

an interest in the enquiry, so as to ensure the full and com-
plete observation of the new comet so long as it remains

within the reach of our telescopes. Among the observers

who have been most successful in the discovery of comets, we
find no less than 29 discovered by Pons, 14 by Messier,

and 10 by Mechain, 8 by De Vico, 6 by Miss C. Ilerscliel—
who, however, is not the only female observer of these bodies,

the comet of 1845 having been independently detected by
two ladies. Miss Maria Mitchell, of Nantucket, U. S., and
Madame Miidler, of Dorpat, the priority lying with the

American astronomess.

(598.) It is by no means fnerely as a subject of antiquarian

interest, or on account of the brilliant spectacle which comets

occasionally afford, that, astronomers attach a high degree of

importance to all that regards them. Apart even from the

singularity and mystery which appertains to their physical

• See the announcement of this institution in- Astron. Nachr. No. 400.

t By the late Prof. Schumacher, Director of the Uoyul Observatory of Altona.

u V 3
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constitution, they have become, through the nieclium of exact

calculation, unexpected instrumenta of enquiry into points

connected with the planetary system itself, of no small im-

portance. "VVe have seen that the movements of the comet

Encke, thus minutely and persevcringly traced by the

eminent astronomer whose name is used to distinguish it, has

afforded ground for believing in the presence of a resisting

medium filling the whole of our system. Similar enquiries,

prosecuted in the cases of other periodical comets, will extend,

confirm, or modify our conclusions on this head. The per-

turbations, too, which comets experience in passing near any

of the planets, may afford, and have afforded, information as

to the magnitude of the disturbing masses, whicli could not

well be otherwise obtained. Thus the approach of this comet

to the planet Mercury in 1838 afforded an estimation of the

mass of that planet the more precious, by reason of the great

uncertainty under which all previous determinations of that

element laboured. Its approach to the same planet in the

year 1848 was still nearer. On the 22d of November their

mutual distance was only fifteen times the moon's distance

from the earth.

(599.) It is, however, in a physical point of view that these

bodies offer the greatest stimulus to our curiosity. There is,

beyond question, some profound secret and mystery of nature

concerned in the phajnomenon of their tails. Perhaps it is

not too much to hope that future observation, borrowing

every aid from rational speculation, grounded on the progress

of physical science generally, (especially those branches of it

which relate to the aetherial or imponderable elements,) may

ere long enable us to penetrate this mystery, and to declare

whether it is really matter in the ordinary acceptation of the

term which is projected from their heads with such extra-

vao'ant velocity, and if not impelled, at least directed in its

course by a reference to the sun, as its point of avoidance.

In no respect is the question as to the materiality of the tail

more forcibly pressed on us for consideration, than in that of

the enormous sweep which it makes round the sun in pcrihe-

lio, in the manner of a straight and rigid rod, in defiance of the
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law of gravitation, nay, even of the received laws of motion,

extending (as we have seen in the comets of 1680 and 1843)

from near the sun's burface to the earth's orbit, yet whirled

round unbroken : in the latter case through an angle of 180"

in little more than two hours. It seems utterly incrediblo

that in such a case it is one and the same material object

which is thus brandished. If there could be conceived such

a thing as a negative shadoto, a momentary impression made

upon the luminiferoua asther behind the comet, this would

represent in some degree the conception such a phasnomenon

irresistibly calls up. But this is not all. Even such an ex-

traordinary excitement of the a;ther, conceive it as we will,

will afford no account of the projection of lateral streamers

;

of the effusion of light from the nucleus of a comet towards

the sun ; and its subsequent rejection ; of the irregular and

capricious mode in which that effusion has been seen to take

place ; none of the clear indications of alternate evaporation

and condensation going on in the immense regions of space

occupied by the tail and coma,— none, in short, of innu-

nu able other facts which link themselves with almost equally

irresistible cogency to our ordinary notions of matter and

force.

(600.) The great number of comets which appear to move
in parabolic orbits, or orbits at least undistinguishable from

parabolas during their description of that comparatively small

part within the range of their visibility to us, has given rise

to an impression that they are bodies extraneous to our

system, wandering through space, and merely yielding a

local and temporary obedience to its laws during their sojourn.

What truth there may be in this view, we may never have

satisfactory grounds for deciding. On such an hypothesis,

our elliptic comets owe their permanent denizenship within,

the sphere of the sun's predominant attraction to the action

of one or other of the planets near which they may have

passed, in such a manner as to diminish their velocity, and
render it compatible with elliptic motion.* A similar cause

* The velocity in an ellipse is always less than in a parabola, at equal dis-

tances from the sun ; in an hyperbola always greater.

U D 4
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acting the other way, might with equal probability give rise

to a liyperbolic motion. But whereas in the former ca!?c tl)c

comet would remain in the system, and might make an inde-

finite number of revolutions, in the latter it would return no

more. This may possibly be the cause of the exceedingly

rare occurrence of a hyperbolic comet as compared with

elliptic ones.

(GOl.) All the planets without exception, and almost

all the satellites, circulate in one direction. Retrograde

comets, however, are of very common occurrence, which

certainly would go to assign them an exterior or at least an

independent origin. Laplace, from a consideration of all the

cometary orbits known in the earlier part of the present cen-

tury, concluded, that the mean or average situation of the

planes of all the cometary orbits, with respect to the ecliptic,

was so nearly that of perpendicularity, as to afford no pre-

sumption of any cause biassing their directions in this respect.

. Ye'u we think it worth noticing that among the comets which

are as yet known to describe elliptic orbits, not one whose

inclination is under 17° is retrograde ; and that out of thirty-

fcix comets which have had elliptic elements assigned to them,

whether of great or small cxcentrlclties, and without any

limit of inclination, only five are retrograde, and of these,

only two, viz. Halley's and the great comet of 1843, can be

legarded as satisfactorily made out. Finally, of the 125

comets whose elements are given in the collection of Schu-

macher and Olbers, up to 1823, the number of retrograde

comets under 10° of inclination is only 2 out of 9, and under

20", 7 out of 23.* A plane of motion, therefore, nearly co-

incident with the ecliptic, and a periodical return, are cir-

cumstances eminently favourable to direct revolution in the

cometary as they are decisive among the planetary orbits.

[Here also we may notice a very curious remark of Mr. Ilind,

(Ast. Nachr. No. 724.) respecting periodic comets, viz., that

so far as at present known, they divide themselves for the

most part into two families,—the one having periods of about

* So in edition of 1850. See, however, Appendix, Table IV., for a more re-

cent view of these statistical particulars.

Ijit^
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75 years, corresponding to a mean distance about that of Ura-

nus; the other corresponding more nearly with those of the

asteroids, and with a mean distance between these small

Itlanets and Jupiter. The former group consists of four

members, Halley's comet revolving in 70 years, one disco-

vered by Olbers in 74, De Vice's 4th comet in 7 3, and Bror-

sen's 3d in 75 respectively. Examples of the latter groupc

are to be seen in the table, p. 652 at the end of this volume.]

We may add, too, that a marked tendency in the major axes

of periodical comets to groupe themselves about a certain

determinate direction in space, that is to say, a line pointing

to the sphere of the fixed stars northward to 70° long, and
30° N. lat. or nearly towards the star \ Pcrsci (in the Milky

Way), and in the southern to a point (also in the Milky Way)
diametrically opposite. (Ast. Nachr. No. 853.)

(601 a.) While this sheet is passing through the press,

we learn the rediscovery (Dec. 4, 1857) by Mr. Maclear,

at the Cape of Good Hope, from an ephemeris furnished by

M. Villarceaux, of another periodical comet which passed

its perihelion July 8, 1851, with a period of 2353 days and

excentricity= 0-66088, as calculated by its discoverer, M.
d'Arrest (Ast. Nachr. No. 775.).

(601 h.) The third great comet of the present century

(those of 1811 and 1843 being the other two) appeared from

June 2, 1858, to January, 1859. Its head was remarkably

brilliant ; and its tail, like a vast aigrette or gracefully-curved

l)lume, extended, when longest, over a space of upwards of

30°. Its curvature was very marked, deflecting towards the

region quitted by the comet, as if left behind (no proof, as

generally supposed, of any resistance experienced in its mo-

tion, but a necessary consequence of the combination of its

impulse outwards from the sun with the proper velocity of

the comet at the moment of its emission). The American

observers speak of two long, narrow, perfectly straight rays

of faint light, tangents to the limiting curves of the aigiotte

at its quitting the head.- The phaenomena of the nucleus

under high magnifying powers were very complex and

remarkable.

liliiMmn'Twaw
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PART II.

OK" THE LUNAR AND TLANETART TERTURDATIONS.

•• Magnus ab ititogro Meclorum nascitur orilo."— Vikq. I'ullio.

CHAPTER XII.

SUBJECT PROPOUNDED. — PROBLEM OF THREE BODIES. — SUPER-

POSITION OP SMALL MOTIONS.— ESTIMATION OP THE DISTUUBINO

FORCE. ITS GEOMETRICAL REPRESENTATION. — NUMERICAL ES-

TIMATION IN PARTICULAR CASES. — RESOLUTION INTO RECT-

ANGULAR COMPONENTS. RADIAL, TRANSVERSAL, AND ORTHO-

GONAL DISTURBING FORCES.— NOUSIAL AND TANGENTIAL. THEIR

CHARACTERISTIC EFFECTS. -i-EFFECTS OF THE ORTHOGONAL FORCE.

MOTION OP THE NODES. — CONDITIONS OP THEIR ADVANCE

AND RECESS CASES OP AN EXTERIOR PLANET DISTURBED BY

AN INTERIOR. THE REVERSE CASE.— IN EVERT CASE THE NODE

OF THE DISTURBED ORBIT RECEDES ON THE PLANE OF THE

DISTURBING ON AN AVERAGE.—COMBINED EFFECT OF MANY SUCH

DISTURBANCES.— MOTION OF THE MOON'S NODES, CHANGE OP

INCLINATION. CONDITIONS OF ITS INCREASE AND DIMINUTION.

A^VERAGE EFFECT IN A WHOLE REVOLUTION.— COMPENSATION

IN A COMPLETE REVOLUTION OP THE NODES. — LAGRANGE'S

THEOREM OF THE STABILITY OP THE INCLINATIONS OF THE PLA-

NETARY ORBITS. — CHANGE OF OBLIQUITY OP THE ECLIPTIC.—
PRECESSION OF THE EQUINOXES EXPLAINED. NUTATION PRIN-

CIPLE OF FORCED VIBRATIONS.

(602.) In the progress of tliis work, we have more than once

called the reader's attention to the existence of inequaUtics

in the lunar and planetary motions not included in the

expression of Kepler's laws, but in some sort supplementary

to them, and of an order so far subordinate to those leading

features of the celestial movements, as to require, for their

detection, nicer observations, and longer-continued comparison

between facts and theories, than suffice for the establislunent

and verification of the elliptic theory. These inequalities
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arc known, in physical astronomy, by the name of perturba-

tions. They arise, in the case of the primary planets, from

the mutual gravitations of these planets towards each other,

which derange their elliptic motions round the sun ; and in

that of the secondaries, partly from the mutual gravitation of
the sccondaricB of the same system similarly deranging their

elliptic motions round their common primary, and partly from
the une(iual attraction of the sun and planets on them and on
their primary. These perturbations, although small, and, in

most instances, insensible in short intervals of time, yet,

when accumulated, as some of them may become, in the

lapse of a^cs, alter very greatly the original elliptic relations,

so as to render the same elements of the planetary orbits,

which at one epoch represented perfectly well their move-
ments, madequate and unsatisfactory after long intervals of
tunc.

(603.) When Newton first reasoned his way from the
broad features of the celestial motions, up to the law of
universal gravitation, as affecting all matter, and rendering
every particle in the universe subject to the influence of
every other, ho was not unaware of the modifications which
tliis generahzation would induce upon the results of a more
partial and limited application of the same law to the
revolutions of the planets about the sun, and the satellites

about their primaries, as their only centers of attraction.

So far from it, his extraordinary sagacity enabled him to

perceive very distinctly how several of the most important
of the lunar inequalities take their origin, in this more
general way of conceiving the agency of the attractive power,
especially the retrograde motion of the nodes, and the du-ect

revolution of the apsides of her orbit. And if he did not
extend his investigations to the mutual perturbations of the
planets, it was not for want of perceiving that such perturba-
tions must exist, and might go the length of producing great
derangements from the actual state of the system, but was
owing to the then undeveloped state of the practical part of
astronomy, which had not yet attained the precision requisite
to make such an attempt inviting, or indeed feasible. What
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Newton left undone, however, his succcsBors have accom-

plishcil ; and, at tliis day, it is hanlly too much to assert tliat

there is not a sinphi pcrturliiition, great or small, wliich

observation lias become precise enough clearly to detect and

place ill evidence which bus not been traced up to its origin

in the mutual gravitation of the parts of our system, and

minutely accounted for, in its numerical nmount and value,

by strict calculation on Newton's principles,

(604.) Calculations of this nature require a very liigh

analysis for their succeauful performnncc, such as is far beyond

the scope and object of this work to attempt exhibiting.

The reader who would master them must prepare himself for

the undertaking by an o tensive course of preparatory study,

and must ascend by steps which we must not here even

digress to point out. It will be our object, in this chapter,

however, to give some general insight into the nature and

manner of operation of the acting forces, and to point out

what are the circumstances wliich, in some cases, give them

a liigh degree of efficiency— a sort of purchase on the balance

of the system ; while, in others, with no less amount of

intensity, their effective agency in producing extensive and

lasting changes is compensated or rendered abortive ; as well

as to explain the nature of those admirable results respecting

the stability of our system, to which the researches of

gecmfiters have conducted them ; and which, under the form

of mathematical theorems of great simplicity and elegance,

involve the history of the past and future state of the planetary

orbits during ages, of which, contemplating the subject in this

point of view, we neither perceive the beginning nor the

end.

(605.) Were there no other bodies In the universe but the

sun and one planet, the latter would describe an exact ellipse

about the former (or both round their common center of

gravity), and continue to perform its revolutions in one and

the same orbit for ever; but the moment we ndd to our

combination a third body, the attraction of this will draw

both the former bodies out of their mutual orbits, and, by

acting on them unequally, will disturb their relation to ea«h

L 'aaatHiBI*"
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exactness of their elliptic motions, not only about a fixed

point in spaco, but about one another. From this way of

propounding the subject, we sec that it is not the whole

attraction of the newly-introduecd body which produces per-

turbation, but the difference of its attractions on the two
originally present.

(606.) Compared to the sun, all the planets are of extreme

minuteness; the mass of Jupiter, the greatest of them all,

being not more than about one 1100th part that of the sun.

Their attractions on each other, therefore, are all very feeble,

compared with the presiding central power, and the effects «)f

their disturbing forces arc proportionally minute. In the

case of the secondaries, the chief agent by which their motions

are deranged is the sun itself, whose niiiss is indeed great,

but whose disturbing influence is immensely diminished by

their near proximity to their primaries, compared to their

distances from the sun, which rcndei-s the difference of

attractions on both extremely small, compared to the whole

amount. In this case the greatest pnrt of the sun's attraction,

viz. that which is common to both, is exerted to retain both

primary and secondary in their common orbit about itself,

and prevent their parting company. Only the small overplus

of force on one as compared with the other acts as a

disturbing power. The mean value of this ovcrjilus, in the

case of the naoon disturbed by the sim, is calculated by
Newton to amount to no higher a fraction than 7^7/^0^ of

gravity at the earth's surface, or jl^j of the principal force

wliieh retains the moon in its orbit.

(607.) From this extreme minuteness of the intensities

of the disturbing, compared to the principal forces, and the

consequent smallness of tbeir momentary effects, it happens

that we can estimate each of these effects separately, as if

the others did not take place, without fear of inducing error

in our conclusions beyond the limits necessarily incident to a

first approximation. It is a principle in mechanics, im-

mediately flo\ving fi'om the primary relations bt . ween forces

and the motions they produce, that when a number of very

,.,,.

nk
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minute forces act at once on a system, their joint cfTect is tho

sum or iiggrcf^ate of their separate effects, at least within

such limits, that the original relation of tho parts of tho

system shall not have laeen materially changed by their

action. Such effects supervening on the greater movements

duo to the action of the primary forces may be compared to

the small rii)lings caused by a thousand vaiying breezes on

tho broad and regular swell of a deep and rolling ocean,

which run on as if tho surface were a piano, and cross in all

directions without interfering, each as if the other had no

existence. It is only when their effects become accumulated

in lapse of time, so as to alter the primary relations or data

of tho system, tliat it becomes necessary to have especial

regard to the changes correspondingly introduced into the

estinuition of their momentary efficiency, by whit h the rate

of tho subsequent changes is affected, and periods or cycles

of immense length take their origin. From this consideration

arise some of the most curious theories of physical astronomy.

(608.) Hence it is evident, that in estimating the disturb-

ing influence of several bodies forming a system, in which

one has a remarkable preponderance over all tho rest, wo

need not embarrass ourselves with combinations of the dis-

turbing powers one among another, unless where immensely

long periods are concerned; such as consist of many hundreds

of revolutions of the bodies in question about their common

center. So that, in effect, so far as wc propose to go into

its consideration, the problem of the investigation of tho

perturbations of a system, however numerous, constituted as

ours is, reduces itself to that of a system of three bodies : a

predominant central body, a disturbing, and a ilistm-bed ; the

two latter of which may exchange denominations, accoixling

as the motions of the one or the other are the subject of

enquiry.

(609.) Both the intensity and direction oC the disturbing

force are continually varying, according to the relative situ-

ation of the disturbing and disturbed body with respect to

the sun. If the attraction of the disturbing body M, on the

central body S, and the disturbed body P, (^'y which desig-

iiiiijHli>lWi'fi*[iif"ir I jU imyfc
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nations, for brevity, wc Bliali hereafter indicate thom,") wero

criual, ond acted in parallel lines, whatever might othorwif*'

bo its law of variation, there would bo. no deviation caused

in the elliptic motion of P about S or of each about the

other. 1"ho case would be striv tly that ol art. 454. ; tho

attraction of M, so circumstanced, bchig at every moi» it

exactly analogous in its efTcctd to terrestrial gravit , wIikIi

acts iu parallel lines, and is < ([ually intense on all bodies,

great and small. But this is not the case of nature What-
ever is stated in tho subsequent article to that la.- :'.ltid. <

"

tho disturbing effect of tho sun and moon, is, mntaii'i r-m

^"''''r. applicable to every case of perturbation ; and It must
(

. uow ^ur business to enter, somewhat more in detail, into

the gene. ' heads of the subject there merely hinted at.

f>l<.i."i obtain clear ideas of the manner in which *\\o

ti. hirbir^, force produces its varioi - effects, wc nmst aac^r-

tfk. at any given moment, and in any relative situations of

the three bodies, its direction and intensity as compared with

the gravitation of P towards S, in virtue of which latter force

alone P would describe an ellipse about S regarded as fixed,

or rather P and S about their common center of gravity iu

virtue of their mutual gravitation to each other. In the

troutment of the problem of three bodies, it is convenient,

and tends to clearness of apprehension, to n^^ard ^ ao of 1) m
as fixed, and refer the motions of the others to it as to a rela-

tive center. In tho case of two planets disturbing each

other's motions, tho sun is naturally chosen aa this fixed

center; but in that of satellite distutbhig each other, or

disturbed by the sun, the center of theii iimary is taken aa

their point of reference, and the sun itsoM is regarded in tho

light of a very distant and massive satellite revolving about

the primary in a relative orbit, equal and sunilar to that

which the primary describes absolutely round the sun. Thus
the generality of our language is preserved, and when, re-

ferring to any particular central body, we speak of an exterior

and an interior planet, we include the cases in which the

former is the sun and the latter a satellite ; as, for example,
in the Lunar theory. It is a principle in dynamics, that the

s>' -ty
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relative motions of a system of bodies inter se arc no way

altered by impressing on all of them a common motion or

motions, or a common force or forces accelerating or retard-

ing them all equally in common directions, i. e. in parallel lines.

Suppose, therefore, we apply to all the three bodies, S, P, and

M, alike, forces equal to those with which M and P attract

S, but in opposite directions. Then will the relative motions

both of M and P about S be unaltered ; but S, being now

urged by equal and opposite forces to and from both M and

P,°will remain at rest. Let us now consider how either of

the other bodies, as P^ stands affected by these newly-intro-

duced forces, in addition to those which before acted on it.

It is clear that now P will be simultaneously acted on by

four forces ; firstly, the attraction of S in the direction P S;

secondly, an additional force, in the same direction, equal to

its attraction on S ; thirdly, the attraction o/M in the direc-

tion P M ; and fourthly, a force parallel to M S, and equal

to M's attraction on S. Of these, the two first, following the

same law of the inverse square of the distance S P, may bo

regarded as one force, precisely as if the sum of the masses of

S°and P were collected in S; and in vu-tue of their joint

action, P will describe an eUipse about S, except in so far as

that elliptic motion is disturbed by the other two forces.

Thus we see that in this view of the subject the relative^ dis-

turbing force acting on P is no longer the mere single

attraction of M, but a force resulting from the composition of

that attraction with M's attraction on S transferred to P in a

contrary direction.

(611.) Let C P A be part of the relative orbit of the dis-

turbed, and M B of the disturbing body, their planes inter-

secting in the line of nodes S A B, and having to each other

the inclination expressed by the spherical angle P Aa. In

M P, produced if required, take M N : ISI S :: M S' :
M P-*.

Then, if S M * be taken to represent, in quantity and direction,

the accelerative attraction of M on S, MS will represent

• The reader will be careful to observe the order of the letters, v. licro forces

are represented by lines. M S represents a force acting from M to« :ir.ls S, .1 IM

from S towards M.

r
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in quantity and direction the new force applied to P, parallel

to that line, and NM will represent on the same scale the
aecelerative attraction of M on P. Consequently, the dis-

turbing force acting on P will be the resultant of two forces

applied at P, represented respectively by N M and M S,

which by the laws of dynamics are equivalent to a single
force represented in quantity and direction by N S, hut having
Pfor its point of application.

(612.) The line N S, ia easily calculated by trigonometry,
when the relative situations and real distances of the I odies
are known

; and theforce expressed by that Ime is directly
comparable with the attractive forces of S on P by the fol-

lowing proportions, in which M, S, represent the masses of
those bodies which are supposed to be known, and to which,
at equal distances, their attractions are proportional :

Disturbing force : M's attraction on S :: N S : S M

;

M's attraction on S : S's attraction on M :: M : S;
S's attraction on M : S's attraction on P :: S P* : S M":

by compounding which proportions we collect as follows : —
Disturbing force : S's attraction on P ::M . N S. S P» :

S.SM3.
A few numerical examples are subjoined, exhibiting the

results of this calculation in particular cases, chosen so as to
exemplify its application under very various (yrcumstanccs,

£ £
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throughout the planetary system. In each case the numbers

set down express the proportion in which the central force

retaining the disturbed body in its elliptic orbit exceeds the

disturbing force, to the nearest whole number. The calcula-

tion is made for three positions of the disturbing body— viz.

at its greatest, its least, and its mean distance from the dis-

turbed.

Disturbing Body. Ditturbed Body.

Ratio at the
greatest Dis-
tance : 1.

Ratio at the
mean Distance.

.I*

Ratio nt the
least Distance.

:i.

Tlie Sun
Jupiter -

Jupiter -

Venus -

Neptune
Mercury
Jupiter -

Saturn -

The Moon
Saturn -

The Eorth -

The Earth -

Uranus -

Neptune
Ceres -

Jupiter -

90
354

95683
255208
57420
845
6433
20248

179
312

147575
210245
56592
845

6937
21579

89
128

53268
2683S
5519
845
1033
3065

(613.) If the orbit of the disturbing body be circular, SM
is invariable In this case, N S will continue to represent the

disturbing force on the same invariable scale, whatever may

be the configuration of the three bodies with respect to each

other. If the orbit ofM be but little elliptic, the same will

be nearly the case. In what follows throughout this chapter,

except where the contrary is expressly mentioned, we shall

neglect the excentricity of the disturbing orbit,

(614.) If P be nearer toM than S is, M N is greater than

M P, and N lies in M P prolonged, and therefore on tlie

opposite side of the plane of P's orbit from that on which M
is situated. The force N S therefore urges P towards M's

plane, and towards a point X, situated between S and M, in

the line S M. If the distance M P be equal to M S as when

P is situated, suppose, at D or E, M N is also equal to M P
or M S, so that N coincides with P, and therefore X with S,

the disturbing forces being in these cases directed towards

the central body. But if M P be greater than M S, MN is

less than M P, and N lies between M and P, or on the same

side of the plane of P's orbit that M is situated on. The

force N S, therefore, applied at P, urges P towards the con-

trary side of that plane towards a point in the line M S pro-
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ESTIMATION OF TUE DISTUKBINO FORCE. 4 If)

diiced, so that X now shifts to the farther side of S. In all

cases, the disturbing force is wholly effective in the plane
M P S, in which the three bodies lie.

It is very important for the student to fix distinctly and
bear constantly in hia mind these relations of the disturbing
agency considered as a single unresolved force, since then* re-

collection will preserve Idm from many mistakes in con-
ceiving the mutual actions of the planets, &c. on each other.

For example, in the figures here referred to, that of Art. 611.
corresponds to the case of a nearer disturbed by a more
distant body, as the earth by Jupiter, or the moon by the
Sun

;
and that of the present article to the converse case

:

as, for instance, of Mars disturbed by the earth. Now, in

this latter class of cases, whenever M P is greater than M S,
or S P greater than 2 S M, N lies on the same side of the
plane of P's orbit with M, so that N S, the disturbing force,

contrary to what might at first be supposed, always urges
the disturbed planet out of the plane of its orbit towards the
opposite side to that on which the disturbing planet lies. It

will tend greatly to give clearness and definiteness to his

ideas on the subject, if he will trace out on various sup-
positions as to the relative magnitude of the disturbing and
disturbed orbits (supposed to He in one plane) the form of
the oval about M considered as a fixed point, in which the
point N lies when P makes a complete revolution round S.

(615.) Although it is necessary for obtaining in the first

E E2
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instance a clear conception of the action of the disturbing

force, to consider it in tliis way as a single force having a

definite direction in space and a determinate intensity, yet as

that direction is continually varying with the position of

N S, both with respect to the radii SP, S M, the distance

P M, and the dkectio' . of P's motion, it would be impossible,

by so considering it, to attain clear views of its dynamical

effect after any considerable lapse of time, and it therefore

becomes necessary to resolve it into other equivalent forces

acting in such directions as shall admit of distinct and sepa-

rate consideration. Now this may be done in several different

modes. First, we may resolve it into three forces acting in

fixed directions in space rectangular to one another, and by

estimating its effect in each of these three directions sepa-

rately, conclude the total or joint effect. This is the mode

of procedure which affords the readiest and most advan-

tageous handle to the problem of perturbations when taken

up in all its generality, and is accordingly that resorted to by

geometers of the modem school in all their profound re-

searches on the subject. Another mode consists in resolving

it also into thi'ee rectangular components, not, however, in

fixed directions, but in variable ones, viz. in the directions

of the lines N Q, Q Jj, and L S, of which L S is in the direc-

tion of the radius vector S P, Q L in a direction perpendicular

to it, and in the plane in which S P and a tangent to P's

orbit at P both lie ; and lastly, N Q in a direction perpen-

dicular to the plane in which P is at the instant moving

about S. The first of these resolved portions we may term

the radial component of the disturbing force, or sunply the

radial disturbing force; the second the transversal; and the

thud the orthogonal* When the disturbed orbit is one of

small excontricity,the transversal component acts nearly in the

direction of the tangent to P's orbit at P, and is therefore

confounded with that resolved component which we shaU

presently describe (art. 618.) under the name of the tangential

• This is a terra coined for the occasion. The want of some appellation for

this component of the disturbing force is often felt.
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force. This is the mode of resolving the disturbing force

followed by Newton and his immediate successors.

(616.) The immediate actions of these components of the

disturbing force are evidently independent of each other,

being rectangular in their directions; and they affect the

movement of the disturbed body in modes perfectly distinct

and characteristic. Thus, the radial component, being

directed to or from the central body, has no tendency to

disturb either the plane of P's orbit, or the equable descrip-

tion of areas by P about S, since the law of areas propor-

tional to the times is not a character of the force of gravity

only, but holds good equally, whatever be the force which
retains a body in an orbit, provided only its direction is always

towards a fixed center.* Inasmuch, however, as its law of

variation is not conformable to the simple law of gravity, it

alters the elliptic form of P's orbit, by directly affecting both

its curvature and velocity at every point. In virtue, there-

fore, of the action of this disturbing force, the orbit deviates

from the elliptic form by the approach or recess of P to or

from S, so that the effect of the perturbations produced by
tliis part of the disturbing force falls wholly on the radius

vector of the disturbed orbit.

(617.) The transversal disturbing force represented by

Q L, on the other hand, has no dii-ect action to draw P to or

from S. Its whole efficiency is directed to accelerate or

retard P's motion in a direction at right angles to S P. Now
the area momentarily described by P about S, is, ceteris

paribus, directly as the velocity ofP in a direction perpendicular

to S P. Whatever force, therefore, inci eases this transverse

velocity of P, accelerates the description of areas, and vice

versa. With the area A S P is directly connected, by the

nature of the ellipse, the- angle ASP described or to be
described by P from a fixed line in the plane of the orbit, so

that any change in the rate of description of areas ultimately

resolves itself into a change in the amount of angular motion
about S, and gives rise to a departure from the elliptic laws.

Hence arise what are called in the perturbut'cnal theory

Newton, i. 1.

K u 3
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equations {i.e. changes or fluctuations to and fro about

an average quantity^ of llio menu motic»ti of the disturbed

body.

(618.) There is y->t ait ther uiude <;{' losolving the dis-

turbins: force into recMugular coinpouent'', whicb^ though not

so well adaplud to the compulation oi vofjults, in reducing

to numerical calculatiou the motions of the disturbed body,

is fitted to afford a clearer insight into the nature of the

raodincations which the form, magnitude, and situation of

its orbit imder i;o in virtue of ila action, and which we shall

therefoic ampioy In preference. It cocsists in estimating

the componerta of the diHtuibiRg force, which lie in the

plane of the orbit, not i'-v the direction we have termed

radial and transverbal, i. e. in that of the radius vector P S

and perpendicular to it, but in the direction of a tangent

to the orbit at P, and in that of a Lormal to the curve,

and at right angles to the tangent, for which reason these

components may be called the tangential and normal disturbing

forces. When tho orbit of the disturbed body is circular, or

nearly so, thb modf> of resolution coincides with or differs but

little from the former, but, when the ellipticity is consider-

able, these directions may deviate from the radial and trans-

versal directions to any extent. As in the Newtonian mode

of resolution, the effect of the one component falls wholly

upon the approach and recess of the body P to the central

body S, and of the other wholly on the rate of description of

areas by P round S, so in this which we are now con-

sidering, the direct effect of the one component (the normal)

falls wholly on the curvature of the orbit at the point of its

action, increasing that curvature when the normal force acts

inwards, or towards the concavity of the orbit, and diminish-

ing it when in the opposite direction ; while, on the other

hand, the tangential component is directly effective on the

velocity of the disturbed body, increasing or diminishing it

acxjording as its direction conspires with or opposes its

motion. It is evident enough that where the object is to

trace 'imply the changes produced by the disturbing force,

in anffle and dista;:' from the central body, the former mode
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of resolution must have the advantage in perspicuity of view

and applicability to calculation. It is less obvious, but will

abundantly appear in the sequel that the latter offers pe-

culiar advantages in exhibiting to the eye and the reason

the momentary influence of the disturbing force on the

elements of the orbit itself.

(619.) Neither of the last mentioned pairs of resolved por-

tions of the disturbing force tends to draw P out of the plane

of its orbit PSA. But the remaining or orthogonal por-

tion N Q acts directly and solely to produce that effect. In

consequence, imder the influence of this force, P must quit

that plane, and (the same cause continuing in action) must

describe a curve of double curvature as it is called, no two

consecutive portions of which lie in the same plane passing

through S. The effect of this is to produce a continual va-

riation in those elements of the orbit of P on which the

situation of its plane in space depends ; t. e. on its incUnation

to a fixed plane, and the position in such a plane of the node

or line of its intersection therewitL As this, among all the

various effects of perturbation, is that which is at once the

most simple in its conception, and the easiest to follow

into its remoter consequences, we shall begin with its ex-

planation.

(620.) Suppose that up to P (Art. 611. 614.) the body

were describing an undisturbed orbit CP. Then at P it

would be moving in the direction of a tangent P II to the

ellipse P A, which prolonged will intersect the plane of M's

orbit somewhere in the hne of nodes, as at R. Now, at P,

let the disturbing force parallel to N Q act momentarily on

P ; then P will be deflected in the direction of that force, and

instead of the arc P p, which it would have described in the

next instant if undisturbed, wiU describe the arc P g lying in

the state of things represented in Art. 611. below, and in Art.

614. above, P/? with reference to the plane PSA. Thus,

by this action of the disturbing force, the plane of P's orbit

will have shifted its position in space from P Sp (an elementary

portion of the old orbit) to P S y, one of the new. Now the

line of nodes S A B in the former is determined by prolonging

r. li 1

k*-\

W'^^ il»5SffH''r«!*lSfME^^»'5gas»WW(;N"-
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Vp into the tangent P R, intersecting the plane M S B in R,

and joining S R. And in like manner, if we prolong P q into

the tangent P r, meeting the same plane in r, and join S r,

this will be the new line ofnodes. Thus we see that, under the

circumstances expressed in the former figure, the momentary

action of the orthogonal disturbing force will have caused the

line of nodes to retrograde upon the plane of the orbit of the

disturbing body, and under those represented in the latter

to advance. And it is evident that the action of the other

resolved portions of the disturbing force will not in the least

interfere with this result, for neither of them tends either to

carry P out of its former plane of motion, or to prevent its

quitting it. Their influence would merely go to transfer the

points of intersection of the tangents Vp ovF q from R or r

to R' or r\ points nearer to or farther from S than R r, but

in the same lines.

(621.) Supposing, now, M to lie to the left instead of the

right side of the line of nodes in fig. 1., P retaining its situation,

and M P being less than M S, so that X shall still lie between

M and S. In this situation of things (or configuration, as it is

termed of the tlu-ee bodies with respect to each other), N will

lie below the plane ASP, and the disturbing force will tend

to raise the body P above the plane, the resolved orthogonal

portion N Q in this case acting upwards. The disturbed arc

P q will therefore lie above Fp, and when prolonged to meet

the plane MSB, will intersect it in a point in advance of R

;

so that in this configi:ration the node will advance upon the

plane of the orbit of lu, provided always that the latter orbit

remains fixed, or, at least, does not itself shift its position

in such a direction as to defeat this result.

(622.) Generally speaking, the node of the disturbed orbit

will recede upon any plane which we may consider as fixed,

whenever the action of the orthogonal disturbing force tends

to bring the disturbed body nearer to that plane ; and vice

versa. This will be evident on a mere inspection of the

annexed figure, in which C A represents a semicircle of the

projection of the fixed plane as seen from S on the sphere of

the heavens, and C P A that of the plane of P's undisturbed
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orbit, the motion of P being iu the direction of the arrow,

from C the ascending, to A the descending node. It is at

once seen, by prolonging P y, V q' into arcs of great

circles, P r, P r', (forwards or backwards, aa the case may
be) to meet C A, that the node will have retrograded

through the arc A r, or C r, whenever P q lies between
C P A and C A, or when the perturbing force carries P
towards the fixed plane, but will have advanced through A r'

or C r' when P q' lies above C P A, or when the disturbing

impulse has lifted P above its old orbit or away from the

fixed plane, and this without any reference to whether the un-

disturbed orbitual motion of V at the moment is carrying it

towards the plane C A or from it, as in the two cases

represented in the figure.

(623.) Let us now consider the mutual disturbance of two
bodies M and P, in the various configurations in wliich they

may be presented to each other and to their common central

body. And first, let us take the case, as the simplest, where

the disturbed orbit is exterior to that of the disturbing body
(as in fig. art. 614.), and the distance between the orbits

greater than the semiaxis of the smaller. First, let both

planets lie on the same side of the line of nodes. Then (as

iu art. 620.) the direction of the whole disturbing force, and

therefore also that of its orthogonal component, will be towards

the opposite side of the plane of P's orbit from that on which

M lies. Its effect therefore will be, to draw P out of its plane

in a direction/rom the plane of M's orbit, so that in tliis state

of things the node wiU advance on the latter plane, however

P and M may be situated in these semicircumferences of their

respective orbits. Suppose, next, M transferred to the

opposite side of the line of nodes, then will the direction of

its action on P, with respect to the plane of P's orbit, be

revprscd, and P in quitting that plane will now approach to
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instead of needing from the plane of M'a orbit, bo that its

node will now recede on that plane.

(624.) J hus, while M and P revolve about S, and in the

course of niany revolutions of each are presented to ciu-h

other and to S in all possible configurati' *, the node of P's

orbit will always advance on M's when both bodies ai'o uu

the same side of the line of n. ides, and recede when on the

opposite. They will therefore, on an average, advance and

ij '.'!.: ring equal times (supposing the orbits nearly

circukr). And, therefore, if their advance were at each

instant of its duration equally rapid with their recess at each

corresponding instant during that phase of the movement, they

would merri" oscillate to and -o about a mf iwsition,

without any ^., , manent m' 'ion in either direct! i-.ut *

is not the case. Tl' rapiuity of their recess in every po;

^tvourabie to recess is greater than that of their advance

the corre ponding oppjnte pos''*ion. To show tliis, let us

consider .aiy two configuration in wWch M's ^ihases se

diametrically opposite, so that tht triangles P S IVI, PS M ',

shall lie in one plane, having any inclination to P's orbit,

iiccording to the situation of P. Produce 1 S, and draw

Mm, M'm' perpoTKiicular to it, which will therefore be

equal Take M N : M S :: M fc : M P^ aiv
!
M' N' : M' S

!• M' S" : M'P": then if the - >l'it8 be nearly circles, and

reforeMS = ]^"S, N'M' w U be less than MM; and

refore (since I M' is grc than IM) PN'

MBijUnaraiiimmLu -
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in a greater ratio than P N : P M ; and oonsequcntly, by
einiilar triangles, drawing Nn, N'n' perpendicular to PS,
N' n' : M' r/i' in a greater ratio than Nm : M ot, and

therefore N'«' is greater than N n. Now tho plane

PMM' intersects P'a orbit in PS, and being inclined to

that orbit at the same angle through its wli lo exf nt, if from

N and N'pcrpcndiculara bo conceived let fall on thii orbit,

these will be to each other in the proportion of N n, N'n';
and therefore the perpendicular from N' will be greater tlian

that from N. Now since by art. 611. N' S and N S repre-

sent in quantity and direction the total disturbing forces of

M' and M on P respectively, therefore these perjjendiculars

express (art. 615.) tlic orthogonal disturbing forces, the

former of which tends (as above shown) to make the nodes

r de, and the latter to advance ; and therefore tho prepon-

derance in every such pair of situations of M is in favour of

a retrograde motion.

(625.) Let us next consider the case where the distance

between the orbits is less than the scmiaxis of the interior,

or in which the least distance of M from P is less than M S.

position,

1.. i-.Ut '

svery po

r advance

this, let us

8 j^jhases o

M, P S M ',

to P's orbit,

S, and draw

therefore be

,I'N' : M'S
y circlf'fi, and

,n M N ; and

PN' : X M'

Take any situation of P with respect to the line of nodes

A C. Then two points d and e, distant by less than 120°,

can be taken on the orbit of M equidistant from P with S.

Suppose M to occupy successively every possible situation in

its orbit, P retaining its plfl< • — then, if it were not for the

xistence of the arc de, in "which 'm relations of art. 624. are

r versed, it would appear by i oaaoning of that article

that the motion of the node ia duect when M occupies any
part of the semiorbit F M B, and retrograde when it is in

the opp^^ite, but that the retrograde motion on the whole

would predominate Much more then will it pr< lominate

:^^^m:-'
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when there exists an arc dMe within which if M be placed,

its action will produce a retrograde instead of a direct motion.

(620.) This supposes that the arc de lies wholly in the

semicircle F</li. But supiwso it to lie, aa in the annexed

figure, partly within and partly without that circle. The

greater part dli necessarily lies within it, and not only so,

but within that portion, the

point of M's orbit nearest to

P, in which, therefore, the
'^ ''^ -'^ retrograding force has its

maximum, is situated. Al-

though, therefore, in the por-

tion B e, it is true, the retrograde tendency otherwise general

over the whole of that semicircle (Art. 624.) will be re-

versed, yet the effect of this will be much more than coun-

terbalanced by the more energetic and more prolonged re-

trograde action over dB ; and, therefore, in this case also,

on the average of every possible situation of M, the motion

of the node will be retrograde.

(627.) Let us lastly consider an interior planet disturbed by

an exterior. Take M D and M E (fig. of art. 611.) each equal

to MS. Then first, when P is between D and the node A,

being nearer than S to M, the disturbing force acts towards

M's orbit on the side on whi' h M lies, and the node recedes. It

also recedes when (M retaining the same situation) P is in

any part of the arc E C from E to the other node, because in

that situation the direction of the disturbing force, it is true,

is reversed, but that portion of P's orbit being also reversely

situated with respect to the plane of M's, P is still urged

towards the latter plane, but on the side opposite to M.
Thus, (M holding its place) whenever P is anywhere in

DA or E C, the node recedes. On the other hand, it

advances whenever P is between A and E or between

C and D, because, in these arcs, only one of the two deter-

mining elements (viz. the direction of the disturbing force

with respect to the plane of P's orbit ; and the situation of

the one plane with respect to the other as to above and below)

has undergone reversal. Now first, whenever M is anywhere

•' .jaiiiilBiiaiiiiiiraWi
irtHiwiiiBiiiiiiii'iiTiriiiiiiiiftiiifff-
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but in tho line of nodcH, tho sum of tho arcs D A and E C
exceeds a semicircle, and that the more, the nearer M is to

a position at right angles to the lino of nodes. Secondly,

the arcs favourable to the recess of the node comprehend those

situations in which the orthogonal disturbing force is most

powerful, and vice versA. This is evident, because as V
a])proachca D or E, this component decreases, and vanibhcH

at those points (612.). Tho movement of the node itself

also vanishes when P comes to the node, for although in this

position the disturbing orthogonal force neither vanishes nor

changes its direction, yet, since at the instant of P's passing

tho node (A) the recess of the node is changed into an

advance, it must necessarily at that point be stationary-.*

Owing to both these causes, therefore, (that the node recedes

during a longer time than it advances, and that a more

energetic force acting in its recess causes it to recede more

rapidly,) the retrograde motion will preponderate on tho

whole in each complete synodic revolution of P. And it is

evident that the reasoning of this and tho foregoing articles,

is no way vitiated by a moderate amount of excentricity in

either orbit.

(628.) It is therefore a general proposition, that on tho

average of each complete synodic revolution, the node ot

every disturbed planet recedes upon the orbit of the disturb-

ing one, or in other words, that in every pair of orbits, the

• It would seem, at first sight, as if a change per laltum took place here, hut

the continuity of the node's motion will be apparent from an inspection of tlie

annexed figure, where 6a d is a portion of P's disturbed path near the node A,

ooncave towards the plane O A. Tho momentary place of the moving node is

determined by the intersection of the tangent 6 e with A G, which as 6 posses

through a torf, recedes from A ton, rests there for an instant, and then advances

n lin.
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node of each recedes upon the other, and of course upon any

intermediate plane which we may regard as fixed. On a

plane not intermediate between them, however, the node ofone

orbit will advance, and that of the other will recede. Suppose

for instance, C A C to be a plane intermediate between P P

and M M the two orbits. ^^ p p and m m be the new
positions of the orbits, the node of P on M will have receded

from A to 5, that of M on P from A to 4, that of P and M
on C C respectively from A to 1 and from A to 2. But if

F A F be a plane not intermediate, the node of M on that

plane has receded from A to 6, but that of P will have
advanced from A to 7. If the fixed plane have not a common
intersection with those of both orbits, it is equally easy to

see that the node of the disturbed orbit may either recede ou
both that plane and the disturbing orbit or advance on the

one and recede on the other, according to the relative situation

of the planes.

(629.) This is the case with the planetary orbits. They
do not all intersect each other in a common node. Although
perfectly true, therefore, that the node of any one planet

would recede on the orbit of any and each other by the in-

dividual action of that other, yet, when all act together, recess

on one plane may be eqiuvalent to advance on an ther, so

that the motion of the node of any one orbit on a given plane,

arising from their joint action, taking into accoant the different

situations of all the planes, becomes a curiously complicated

phiBnoraenon whose law cannot be very easily expressed in

JiJ?tT,T{'iErw2iW$83W(SSffit';*^
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in fact, a mere geometrical result of what is above shown.

(630.) The nodes of all the planetary orbits on the true

ecliptic, as a matter of fact, are retrogi'ade, though they are

not all so on a fixed plane, such as we may conceive to exist

in the planetary system, and to be a plane of reference

unaffected by their mutual disturbances. It is, however, to

the ecliptic, that we are under the necessity of referring

their movements from our station in the system ; and if we
would transfer our ideas to a fixed plane, it becomes necessary

to taJke account of the variation of the ecliptic itself, proJuced

by the joint action of all the planets.

(631.) Owing to the smallness of the masses of the planets,

and theli" great distances from each other, tt 3 revolutions of

their nodes are excessively slow, being in eveiy case less

than a single degree per century, and in most cases not

amounting to half that quantity. It is otherwise with thr

moon, and that owing to two distinct reasons. First, that

the disturbing force itself arising from the sun's action, (aa

appears from the table given in art. 612.) bears a much
larger proportion to the earth's central attraction on thn

3on than in the case of any planet disturbed by any other.

And secondly, because the synodic revolution of the moon,

1 'ithin which the average is stiiick, (and always on the side

of recess) is only 29|^ days, a period much shorter than that

of any of the planets, and vastly so than that of several

among them. All this is agreeable to what has already been
stated (art. 407, 408.) respecting the motion of the moon's

nodes, and it is hardly necessary to mention that, when cal-

culated, as it has been, a priori from an exact estimation

of all the acting forces, the result is found to coincide with

perfect precision with that immediately derived from obser-

vation, so that not a doubt can subsist as to this being the

real process by which so remarkable an eflTect is produced.

(632.) So far as the physical condition of each planet is

concerned, it is evident that the position of their nodes can

be of little importance. It is otherwise with the mutual

inclinations of their orbits with respect to each other, and to
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the equator of each. A variation in the position of the

ecliptic, for instance, by which its pole should shift its distance

froni the pole of the equator, would disturb our seasons.

Should the plane of the earth's orbit, for instance, ever be so

changed as to bring the ecliptic to coincide with the equator,

we should have perpetual spring over all the world ; and, on

the other hand, should it coincide . with a meridian, the

extremes of summer and winter would become intolerable.

The enquiry, then, of the variations of inclination of the

planetary orbits inter se, is one of much higher practical

interest than those of their nodes.

(633.) Referring to the figures of art. 610. et seq., it is

evident that the plane S P y, in which the disturbed body
moves during an instant of time from its quitt'ag P, is

differently inclined to the orbit of M, or to a fixed plane,

from the original or undisturbed plane P S^. The difference

of absolute position of these two planes in space is the angle

made between the planes P S R and P S r, and is therefore

calculable by spherical trigonometry, when the angle R S r

or the momentary recess of the node is known, and also

the inclination of the planes of the orbits to each other.

We perceive, then, that between the momentary change of

incUnation, and the momentary recess of the node there

exists an intimate relation, and that the research of the one

is in fact bound up in that of the other. This may be,

perhaps, made clearer, by considering the orbit of P to be

not merely an imaginary line, but an actual circle or elliptic

hoop of some rigid material, without inertia, on which, as on

a wire, the body P may slide as a bead. It is evident that

the position of this hoop will be determined at any instant,

by its inclination to the ground plane to which it is referred,

and by the place of its intersection therewith, or node. It

will also be determined by the momentary direction of P's

motion, which (having no inertia) it must obey; and any
change by which P should, in the next instant, alter its

orbit, would be equivalent to a shiftmg, bodUy, of the whole

hoop, changing at once its inclination and nodes.

(634.) One immediate conclusion from what has been

iSBHfc'^sBii"
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pointed out above, is thpc where the orbits, as in the case of

the planetary system and the moon, are slightly inclined to

one another, the momentary variations of the inclination are

of an order much inferior in magnitude to those in the place

of the node. This is evident on a mere inspection of our

figure, the angle E. P r being, by reason of the small in-

clination of the planes S P R and R S r, necessarily much
smaller than the angle R S r. In proportion as the planes

of the orbits are brought to coincidence, a very trifling

angular movement of P p about P S as an axis will make a

great variation in the situation of the point r, where its

prolongation intersects the ground plane.

(635.) Referring to the figure of art. 622., we perceive

that although the motion of the node is retrograde whenever
the momentary disturbed arc P Q lies between tho planes

C A and C GA of the two orbits, and vice versd, indifferently

whether P be in the act of receding from the plane C A, aa

in the quadrant C G, or of approaching to it, as in G A, yet

the same identity as to the character of the change docs not

subsist in respect of the inclination. The inclination of the

disturbed orbit (i. e. of its momentary element) P q or Py',

is measured by the spherical angle P r H or P r' H. Now
in the quadrant C G, P r H is less, and P r' H greater than

P C H ; but in G A, the converse. Hence this rule :
—

Ist., If the disturbing force urge P towai'ds the plane of

M's orbit, and the undisturbed motion of P carry it also

towards that plane ; and 2dly, if the disturbing force urg'i

P from that plane, while P's undisturbed motion also cariies

it from it, in either case the inclination momentarily in-

creases ; but if, 3dly, the disturbing force act to, and P's

motion carry it from— or if the force act from, and the

motion carry it to, that plane, the inclination momentarily

diminishes. Or (including ail the cases under one alternative)

if the action of the disturbing force and the undisturbed

motion of P with reference to the plane of M's orbit be of

the same character, the inclination increases ; if of contraiy

characters, it diminishes.

r636.) To pass from the momentary changes which take
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•place In tho relations of nature to the accumulated effects

produced in considerable lapses of time by the contmucd

action of the same causes, under circumstances vaned by

these very effects, is the business of the integral calculus.

With6ut going into any calculations, however, it will be

easj for us to demonstrate from the principles above laid

down, the leading features of this part of the planetary

theory, viz. the periodic nature of the change of the inclma-

tions of two orbits to each other, the re-establislunent of

their original values, and the conse(iuent osciUation of each

plane about a certain mean position. As in explaining the

motion of the nodes, we will commence, as the simplest case,

with that of an exterior planet disturbed by an interior one

at less than half its distance from the central body. Lot

A C A' be the great circle of the heavens into which M's

orbit seen from S is projected, extended into a straight line,

and AffCh A' the corresponding projection of the orbit

of P so seen. Let M occupy some fixed situation, suppose

in the semicircle A C, and let P describe a complete revolu-

tion from A through ffChio A'. Then while it is between

A and
i7

or in its first quadrant, its motion is from the plane

of M's orbit, and at the same time the orthogonal force acts

from that plane : the inclination, therefore, (art. 635.) in-

creases. In the second quadrant the motion of P is to, but

the force continues to act from, the plane, and the inclination

acrain decreases. A simUar alternation takes place in its

course through the quadrants C h and h A. Thus the plane

of P's orbit oscillates to and fro about its mean position twice

in each revolution of P. During this process if M held a

fixed position at G, the forces being symmetrically alike on

either side, the extent of these oscillations would be exactly

equal, and the inclination at the end of one revciution of P

.-ysmmotaii^^mmmi^iiam^jis^mmm:
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would revert precisely to its original value. But if M be
elsewhere, this will not be the case, and in a single revolution

of P, only a partial compensation will be operated, an,i an
overplus on the side, suppose of diminution, will remain out-

standing. But when M comes to M', a point equidistant

from G on the other side, tliis effect will be precisely reverscvl

(supposing the orbits circular). On the average of both
situations, therefor'^, the effect will be the same as If M were
divided into two equal portions, one i)laccd at M and tho
other at M', which will annihilate the preponderance in

question and effect a perfect restoration. And on an average
of all possible situations of M, the effect will in like manner
be the same aa if its mass were distributed over the whole
circumference of its orbit, forming a ring, each portion of

which will exactly destroy the effect of that similarly situated

on the opposite side of the line of nodes.

(637.) The reasoning is precisely similar for the more
complicated cases of arts. (625.) and (627.). Suppose that

owing either to the pxoximity of the two orbits, (in the case

of an exterior disturbed planet) or to the disturbed orbit

being interior to the disturbing one, there were a larger or

less portion, d e, of P's orbit in which these relations were
reversed. Let M be the position of M' corresponding to

de, then taking G M'=i G M, there will be a similar portion

d' e' bearing precisely tho same reversed relation to M', and
therefore, the actions of M' M, will equally neutralize each
other in this as in the former state of things.

(638.) To operate a complete and rigorous compensation,

however, it is necessary that M should be presented to P in

every possible configuration, not only with respect to P itself,

but to the line of nodes, to the position of which line the

whole reasoning bears reference. In the case of the moon for

example, tho disturbed body (the moon) revolves in 27'*-322,

the disturbing (the sun) in 365^-256, and the line oi nodes
in 6793^-391, numbers in proportion to each other about as

1 to 13 and 249 respectively. Now in 13 revolutions of P,
and one of M, if the node remained fixed, P would have
been prcbcntcd to M so nearly in eveiy configuration as to
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operate an almost exact compensation. But in 1 revolution

of M, or 13 of P, the node itself has shifted 5^7 o^' ^hout yV

of .. revolution, in a direction opposite to the revolutions of

M and P, so that although P has been brought back to the

same configuration with respect to M, both are xV ^^ **

revolution in advance of the same configuration as respects

the node. The compensation, therefore, will not be exact,

and to make it so, this process must be gone tlurough 19

times, at the end of which both the bodies will be restored

to the same relative position, not only with respect to each

other, but to the node. The fractional parts of entire

revolutions, which in this explanation have been neglected,

are evidently no farther influential than as rendering the

compensation thus operated in a revolution of the node

slightly inexact, anti thus giving rise to a compound period

of greater duration, at the end of wliich a compensation almost

mathematicnlly rigorous, will have been effected.

(639.) It is clear then, that if the orbits be circles, the

lapse of a very moderate number of revolutions of the bodies

will very nearly, and that of a revolution of the node almost

exactly, bring about a perfect restoration of the inclinations.

If, hoAvever, we suppose the orbits excentric, it is no less

evident, owing to the want of symmetry in the distribution

of the forces, that a perfect compenf^ation will not be effected

either in one or in any number of revolutions of P and M,

independent of the motion of the node itself, as there will

always be some configuration more favourable to either an

increase of inclination than its opposite is unfavourable.

Thus will arise a change of inclination which, were the

nodes and apsides of the orbits fixed, would be always pro-

gressive in one direction until the planes were brought to

coincidence. But, 1 st, half a revolution of the nodes would of

itself reverse the direction of this progression by making the

position in question favour the opposite movement of in-

cUnation; and, 2dly, the planetary apsides are themselves

in motion with unequal velocities, and thus the configuration

whose influence destroys the balance, is, itself, always

ehifting its place on the orbits. The variations of inclination

^mmttm MM liWMlsaiii
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dependent on the cxcentricitics are therefore, like those
independent of them, periodical, and being, moreover, of an
order more minute (by reason of the smallness of the
excentricitiej) than the latter, it is evident that the +otal

variation of the planetary inchnations must fluctuate within
very narrow limits. Geometers have accordingly demon-
strated by an accurate analysis of all the circumstances, and
an exact estimation of the acting forces, that such is the case

;

and this is what is meant by asserting the stability of the
planetary system as to the mutual inclinations of its orbits.

By the researches of Lagrange (of whose analytical conduct
it is impossible here to give any idea), the followmg elegant
theorem has been demonstrated :—

"If the mass of every planet be multiplied hy the square root

of the major axis of its orbit, and the product by the square

of the tangent of its inclination to a^cd plane, the sum of all

these products will be constantly the same under the influence of
their mutual attraction." If the present situation of the plane
of the ecliptic be taken for that fixed plane (the ecliptic itself

being variable like the other orbits), it is found that this sum is

actually very small: it must, therefore, always remain so. This
remarkable theorem alone, then, would guarantee the stability

of the orbits of the greater planets ; but from what has above
been shown of the tendency of each planet to Avork out a
compensation on every other, it is evident that the minor
or..' are aut e.-LoiU'led from this beneficial arrangement.
(UO.) Meanwhile, there is no doubt that the plane of the

eclipi. '
tio^s actually vary by the actions of the planets.

The amouJ.^- of ihis variation is about 48" per century, and
has long oeen recognized by astronomers, by an increase

of the latitudes of all the stars in certain situations, and their

diminution in the opposite' regions. Its effect is to bring the
ecliptic by so much per annum nearer to coincidence with
the equator; but from what we have above seen, this

diminution of the obliquity of the ecliptic will not go on
beyond certain very moderate limits, after which (although
in an immense period of ages, being a compound cycle
resulting from the joint action of all the planets,) it will

FF 3
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again increase, and thus oscillate backward and forward about

a°mean position, the extent of its deviation to one side and

the other being less than 1° 21'.

(641.) One effect of this variation of the piano of the

ecliptic,— that which causes its nodes on a fixed plane to

change,— is mixed up with the precession of the equinoxes,

and undistinguishable from it, except in theory. This laflt-

mentioned phtcnomcnon is, however, duo to another cause,

analagous, it is true, in a general point of view, to those above

considered, but singularly modified by the circumstances

imdcr which it is produced. We shall endeavour to render

these modifications intelligible, as far as they can be made so

without the intervention of analytical formula).

(642.) The precession of the equinoxes, as we have shown

in art. 312., consists in a continual retrogradation of the node

of the earth's equator on the ecliptic ; and is, therefore,

obviously an effect so far analogous to the general phoe-

nomenon of the retrogradation of the nodes of the orbits

on each other. The immense distance of the planets,

however, compared vnth the size of the earth, and the

smallness of their masses compared to that of the sun, puts

their action out of the question in the enquiry of its cause,

and we must, therefore, look to the massive though distant

sun, and to our near though minute neighbour, the moon, for its

explanation. This will, accordingly, be found in their dis-

turbing action on the redundant matter accumulated on the

equator of tho earth, by which its figure is rendered spheroidal,

combined with the earth's rotation on its axis. It is to the

sagacity of Newton that we owe the discovery of this singular

mode of action.

(643.) Suppose in our figure (art. 611.) that instead of

one body, P, revolving round S, there were a succession of

particles not coherent, but forming a kind of fluid ring, free

to change its form by any force applied. Then, while tliia

ring revolved round S in its own plane, under the disturbing

influence of the distant body M, (which now represents the

moon or the sun, as P does one of the particles of the

earth's equator,) two things would happen : 1st, its figure

mm» mm-
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would be bent out of a plane into an undulated form, those

parts of it Avithin the area D A and E C being rendered more
inclined to the plane of JM's orbit, and those witliin the arcs

A E, CD, less so than they would otherwise be ; 2dly,

the nodes of this ring, regarded as a whole, without re-

cpect to its change of figure, would retreat upon that

plane.

(644.) But suppose this ring, instead ofconsisting of discrete

molecules free to move independently, to be rigid and
incapable of such flexure, like the hoop we have supposed in

art. 633., but having inertia, then it is evident that the effort

of those parts of it which tend to become more inclined will

act through the medium of the ring itself (as a mechanical

engine or lever) to counteract the effort of those which have at

the same instant a contrary tendency. In so far only, then, as

there exists an excess on the one or the other side will

the inclination change, an average being struck at every

moment of the ring's motion
; just as was shown to happen

in the view we have taken of the inclinations, in every com-

plete revolution of a single disturbed body, under the influ-

ence of a fixed disturbing one.

(645.) Meanwhile, however, the nodes of the rigid ring

will retrograde, the general or average tendency of the nodes

of every molecule being to do so. Here, as in the other case,

a struggle will take place by the counteracting efforts of the

molecules contrarily disposed, propagated through the solid

substance of the ring ; and thus at every instant of time, an

average will be struck, which being identical in its nature

with that effected in the complete revolution of a single

disturbed body, will, in every case, be in favour of a recess

of the node, save only when the disturbing body, be it sun

or moon, is situated in the plane of the earth's equator.

(646.) This reasoning is evidently independent of any

consideration of the cause which maintains the rotation of the

ring; whether the particles be small satellites retained in

circular orbits under the. equilibrated action of attractive and

centrifrugal forces, or whether they be small masses conceived

as attached to a set of imaginary spokes, as of a wheel.
FP 4
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centering in S, an<l iVcp only to shift their phincs by a mo -

tion of those spoke? per licular to the plane of the wheel.

This makes no tliflerencc ^ the 'rncra/ effect ; thiugh the

different velocitio "f rotii ion, which may be impressed ii

such a system, may : ul will have n very great influenco hotli

on the absolute ami ie)ativc magnitudes of the two effects in

question— the motion of the i>')d<- and chiiugc of inclination.

This will be easily underftood, if suppose the rinj, icu .t

a rotatory motion, in wli- h cxtreui*' case it is obviona thai so

long as M remained fixet thrre would take place no rccesa

of nodes at all, but only a tomiency of the ring to tilt its piano

round a diameter perpendicular to the position of M, bri.i;.';ing

it towards the line S M.

(647.) The motion ot uch ring, thnn. as we havt . u

considering, would imitate, so ' r ;i>^ the r ss of the nodes

goes, the precession of the equlnoxe.", nl- ..at its nodes would

retrograde far more rapidly thanthe obsi -ved precession, which

is excessively slow. But now conceis tlxis ring to be loaded

with a spherical mass enormousij i ir than itself, placed

concentrically within it, and cohering firmly to it, but in-

different, or very nearly so, to any such cause of motion ; and

suppose, moreover, that instead of one such ring there are a

vast multitude heaped together around the equator of such

a globe, so as to form an elliptical protuberance, enveloping

it like a shell on all sides, but whose mass, taken together,

should foim but a very minute fraction of the whole spheroid.

"We have now before us a tolerable representation of the case

of nature * ; and it is evident that the rings, having to drag

round with them in their nodal revolution this great inert

* That a perfect sphere would be so inert and indifferent as to a revolution

of the nodes of its equator under the influence of a distant attracting body appears

from this,— that the direction of the resultant attraction of such a Irady, or of

that single force which, opposed, would neutralize and destroy its whole action,

is necessarily in a line passing ''irough the center of the sphere, and, therefore,

can have no tendency to turn tin' sphere one way or other. It may be objected

by the reader, that tlie whole sphere may be conceived as consisting of rings

parallel to its equator, of every possil>1c diameter, and that, therefore, its nodes

should retrograde even without a protuberant equator. The inference is incorrect,

but our limits will not allow us to go into an exposition of the fallacy. Wo
should, however, caution him, generally, that no dynamical subject is open to

more mistakes of this kind, wliich nothing but the closest attention, in every

varied point of view, will detect.
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mass, will have their v. y of retrogradation proportionally

diminished. Thus, then, it id easy to conceive how a motion

similar to the precession of the equinoxes, and, like it,

characterized by extreme slowness, will arise from the causes

in action. It may seem at first sight paradoxical that the

tohole effect of the external attraction should terminate in the

production of such a movement, without producing any

change in 1 o inclii tionof the equator to the ecliptic. But

a due consideration of *^he reasoning in arts. 636, 637. will

make it cvi'len very particle in the revolving ring,

(in every situ lu disturbing body) whose change of

motion would "reate a change of inclination in one

direction, ther sta another, exercising an equal tendency

of an opposite . 1.

(648.) Now a recess of the node of the earth's equator,

upon a given plane, corresponds to a conical motion of its axis

round a perpendicular to that plane. But in the case before

us, that plane is not the ecliptic, but the moon's orbit for the

time being ; and it may be asked how we are to reconcile this

with what is stated in art. 317. respecting the nature of the

motion in question. To this we reply, that the nodes of the

lunar orbit, being in a state of continual and rapid retrograda-

tion, while its inclination is preserved

nearly invariable, the point in the sphere

of the heavens round which the pole of

the earth's equator revolves (with that

extreme slowness characteristic of the

precession) is itself in a state of con-

tinual circulation round the pole of the

ecliptic, with that much more rapid mo-

tion which belongs to the lunar node.

A glance at the annexed figure will ex-

plain this better than words. P is the

pole of the ecliptic, A the polo of the moon's orbit, moving

round the small circle A B C D in 19 years ; a the pole of

the earth's equator, which at each moment of its progress

has a direction perpendicular to the varying position of the

line A a, and a velocity depending on the varying intensity

mmmmm
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of the acting causes during the period of the nodes. This

velocity lunvcver being extremely small, when V comes to

B, C, D, F, tlie line A a will have taken up ^ iic portitlons

U b, C c, D rf, E e, and the earth's pole a will thus, in one

tropical revolution of the node, have arrived at e, having

described not an exactly circular arc a e, but a single undu-

lation of a wave-shape or epicycloidal curve, a b c d e, with

a velocity alternately greater and less than its mean motion,

and this will bu repeated ia every succeeding revolution of

the node.

(641).) Now this is precisely the kind of motion which, as

we have seen in art. 325., the pole of the earth's equator

really has round the pole of the ecliptic, in consequence of the

joint effects of precession and nutation, which are thus

uranographically represented. If wo superadd to the effect

of lunar precession that of the solar, which alone would causo

the polo to describe a circle uniformly about P, this will

only affect the undulations of our waved curve, by extending

them in length, but will produce no effect on the depth

of the waves, or the excursions of the earth's axis to and from

the pole of the ecliptic. Thus we see that the two phoenomena

of nutation and precession are intimately connected, or rather

both of them essential constituent parts of one and the same

phojnosx^enon. It is hardly necessary to state that a rigorous

analysis of this great problem, by an exact estimation of all

the acting forces and summation of their dynamical effects,

leads to the precise value of the coefficients of precession

and nutation, which observation assigns to them. The solar

and lunar portions of the precession of the equinoxes, that is

to say, those portions which are uniform, are to each other

in the proportion of about 2 to 5.

(650.) In the nutation of the earth's axis we have an ex-

ample (the first of its kind which has occurred to us) of a

periodical movement in one part of the system, giving rise to

a motion having the same precise period in another. The

motion of the moon's nodes is here, we see, reprooented,

though under a very different form, yet in +he 3a.ne exact

periodic time, by a movement of a peer' ar toadllatuvy kind
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PRINCIPLE OF FORCED VIBRATIONS. 44d

impressed ou the solid mass of the earth. We must not let

the opportunity pass of generalizing the principle involved in

this result, as it is one which we shall find again and again

exemplified in 2vcry part of physical astronomy, nay, in every

department of natural science. It may be stated as " the

principle of forced oscillations, or of forced vibrations," and

thus generally announced :
—

If one part of any system connected either by material ties, or

by the mutual attractions of its members, be continually main-

tained by any cause, whether inherent in the constitution of the

system or external to it, in a state of regular periodic motion,

that motion will be propagated th'oughout the whole system

and will give rise, in every member of it, and in every part of

each member, to periodic movements executed in equal period,

with that to which they owe their origin, though not necessarily

synchronous with them in their maxima and minima. *

The system may be favourably or unfavourably constituted

for such a transfer of periodic movements, or favourably in

some of its parts and unfavourably in others ; and accordingly

as it is the one or the other, the derivative oscillation (as it

may be termed) will be imperceptible in one case, of appre-

tiable magnitude in another, and even more perceptible in its

visible effects than the original cause in a third ; of this last

kind we have an instance in tlie moon's acceleration, to be

hereafter noticed.

(651.) It so happens that our situation on the earth, and

the delicacy which our observations have attained, enable us

to make it as it were an instrument to feel these forned

vibrations,— these derivative motions, communicated from

various quarters, especially from our near neighbour, the

moon, much in the same way as we detect, by the trembling

of a board beneath us, the secret transfer of motion by which

the sound of an organ pipe is dispersed through the air, and

carried down into the earth. Accordingly, the monthly rc-

• See a demonstration of this theorem for the forced vibrations of system,

connected by material ties of imperfect elasticity, in my treatise on Sound,

Eiicyc. JVIetrop. urt. 323. The demonstration is easily extended and generalized

to take in other systems.
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volution of the moon, and the annual motion of the sun,

produce, each of them, small nutations in the earth's axis,

whose periods are respectively half a month and half a year,

each of which, in this view of the subject, is to be regarded

as one portion of a period consisting of two equal and similai

parts. But the most remarkable instance, by far, of this

propagation of periods, and one of high importance to man-

kind, is that of the tides, which are forced oscillations, excited

by the rotation of the earth in an ocean disturbed from its

figure by the varying attractions of the sun and moon, each

revolving in its own orbit, and propagating its own period

into the joint phtencmenon. The explanation of the tides,

however, belongs more properly to that part of the general

subject of perturbations which treats of the action of the

radial component of the disturbing force, and is therefore

postponed to a subsequent chapter.
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CHAPTER XIII.

THEORY OF TUE AXES, PERinELIA, AND EXCEN-

TRICITIE8.

" Inciplunt maj;ni procedere menses."

—

Vibo. PoVio.

VABIATION OF ELEMENTS m GENEUAt. — DISTINCTION BETWEEN

PERIODIC AND SECULA a VARIATIONS.— GEOMETRICAL EXPRESSION

OF TANGENTIAL AND NORMAL FORCES. VARIATION OP THE MAJOR

AXIS PRODUCED ONLT BY TUE TANGENTIAL FORCE.— LAORANGe'S

THEOREM OF TUE COiSSERVATION OF THE MEAN DISTANCES AND

PERIODS.— THEORY OF THJ PERIHELIA AND EXCENTRICITIES.

—

— GEOMETRICAL REFSESBNTATION OF THEIR MOMENTARY VARIA-

TIONS.— ESTIMATION OF THE DISTURBING FORCES IN NEARLY

CIRCULAR ORBITS.— APPLICATION TO THE CASE OF THE MOON.

THEORY OF THE LUNAR APSIDES AND r \0ENTRIC1TY. EXPE-

RIMENTAL ILLUSTRATION.— APPLICATION OF THE FOREGOINO

PRINCIPLES TO THi; PLANETARY THEORY. — COMPENSATION IN

ORBITS VERY NEABIY CIRCULAR.— EFFECTS OF ELLIP-ICITY.

—

GENEIW.L RESULTS.- LAGRANGE'S THEOREM OF THE STABILITY

OF THE EXCENTRICITIES.

(652.) In the foregoing chapter we have sufficiently ex-

plained the action of the orthogonal component of the dis-

turbing force, and traced it to its results in a continual

displacement of the plane of the disturbed orbit, in vui;ue of

which the nodes of that plane alternately advance and recede

upon the plane of the disturbing body's orbit, with a general

preponderance on the side of advance, so as after the lapse

of a long period to cause the nodes to make a complete revo-

lution and come round to their former situation. At the

same time the inclination of the plane of the disturbed mo-

tion continually changes, alternately increasing and diminish-

ing ; the increase and diminution however compensating each

other, nearly in single revolutions of the disturbed and dis-

turbing bodies, more exactly in many, and with perfect

i i ii p iiian
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accuracy in long periods, such as those of a complete revo-

lution of the nodes and apsides. In the present and follow-

ing chapters we shall endeavour to trace the eiFects of the

other components of the disturbing force,— those which act

in the plane (for the time being) of the disturbed orbit, and

•which tend to derange the elliptic form of the orbit, and the

laws of cUiptic motion in that plane. The small inclination,

generally speaking, of the orbits of the planets and satellites

to each other, permits us to separate these effects in theory

one from the other, and thereby greatly to simplify their

consideration. Accordingly, in what follows, we shall throug;h-

out neglect the mutual inclination of the orbits of the dis-

turbed and distuvbing bodies, and regard all the forces as

acting and all the motions as perfonned in one plane.

(653.) In considering the changes induced by the mutual

action of two bodies in different aspects with respect to each

other on the magnitudes and foi-nis of their orbits and in

their positions therein, it will be proper in the first instance

to explain the conventions under which geometers and as-

tronomers have alike agreed to use the language and laws of

the elliptic system, and to continue to apply them to disturbed

orbits, although those orbits so disturbed are no longer, in

mathematical strictness, ellipses, or any known curves. This

they do, partly on account of the convenience of conception

and calculation which attaches to this system, but much more

for this reason,—that it is found, and may be demonstrated

from the dynamical relations of the case, that the departure

of each planet from its ellipse, as determined at any epoch, is

capable of being truly represented, by supposing the ellipse

itself to be slowly variable, to change its magnitude and

excentricity, and to shift its position and the plane in which

it lies according to certain laws, while the planet all the time

continues to move in this ellipse, just as it would do if the

ellipse remained invariable and the disturbing forces had no

existence. By this way of considering the subject, the whole

effect of the disturbing forces is regarded as thrown upon

the orbit, while the relations of the planet to that orbit

remain unchanged. This course of procedure, indeed, is the

most natural, and is in some sort forced upon us by the

^yfiyB-l^aaasaMMassg
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extreme slowness with which the variations of the elements,

at least where the planets only are concerned, devclope

themselves. For instance, the fraction expressing the ex-

centricity of the earth's orbit changes no more than 0*00004

in its amount in a century ; and the place of its perihelion, as

referred to the sphere of the heavens, by only 19' 39" in tho

same tune. For several years, therefore, it would be next

to impossible to distinguish between an ellipse so varied and

one that had not varied at all ; and in a single revolution, the

difference between the original ellipse and the ciurve really

represented by tiie varying one, is so excessively miiuite,

that, if accurately drawn on a table, six feet in diameter, the

nicest examination with microscopes, continued along tho

whole outlines of the two curves, would hardly detect any

perceptible interval between them. Not to call f» motion so

minutely conforming itself to an elliptic curve, elliptic, would

be affectation, even granting the existence of trivial departures

alternately on one side or on the other ; though, on the other

hand, to neglect a variation, which continues to acciunulate

fi'om age to age, till it forces itself on our notice, would bo

wilful blindness.

(654.) Geometers, then, have agreed in each single re-

volution, or for any moderate interval of time, to regard the

motion of each planet as elliptic, and performed according to

Kepler's laws, with a reserve in favour of those very small

and titinsient fluctuations which take place within that time,

but at the same time to regard all the elements of each ellipse

as in a continual, though extremely slow, state of change

;

and, in tracing the effects of perturbation on the system, they

take account principally, or entirely, of this change of tho

elements, as that upon which any material change in the

great features of the system will ultimately depend.

(655.) And here we encounter the distinction between

what are termed -secular variations, and such as are rapidly

periodic, and are compensated in short intervals. In our

exposition of the variation of the inclination of a disturbed

orbit (art. 636.), for instance, we showed that, in each single

revolution of the disturbed body, the plane of its motion

underwent fluctuations to and fro in its inclination to that of

rmmmm
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the disturbing body, which nearly compensated each other

;

leaving, however, a portion outstanding, wliich again is

nearly compensated by the revolution of the disturbing body,

yet still leaving outstanding and uncompensated a minute

portion of the change which requires a whole revolution of

the node to compensate and bring it back to an average or

mean value. Now, the two first compensations which arc

operated by the planets going through the succession of

configurations with each other, and therefore in comparatively

short periods, are called periodic variations; and the deviations

thus compensated are called inequalities depending on configu-

rations ; while the last, which is operated by a period of the

node (one of the elements), has notliing to do with the con-

figurations of the individual planets, requires a very long

period of time for its consummation, and is, therefore, distin-

guished from the former by the term secular variation.

(656,") It is true, that, to afford an exact representation of

the motions of a disturbed body, whether planet or satelUte,

both periodical and secular variations, with their corresponding

inequalities, require to be expressed ; and, indeed, the former

even more than the latter ; seeing that the secular inequalities

are, in fact, nothing but what remains after the mutual

destruction of a much larger amount (as it very often is) of

periodical. But these are in their nature transient and

temporary: they disappear in short periods, and leave no

trace. The planet is temporarily drawn from its orbit (its

slowly varying orbit), but forthwith returns to it, to deviate

presently as much the other way, while the varied orbit

accommodates and adjusts itself to the average of these

exemrsions on either side of it ; and thus continues to present,

for a succession of indefinite ages, a kind of medium picture

of all that the planet has been doing in their lapse, in which

the expression and character is preserved ; but the individual

features are merged and lost. These periodic inequalities,

however, are, as we have -observed, by no means neglected,

but it is more convenient to take account of them by a separate

process, independent of the secular variations of the elements.

(657.) In order to avoid complication, while endeavouring

ii».fc^i<iiwr.itii
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endeavouring

to give the reader an insight into both kinds of variations,
we shall for the present conceive all the orbits to lie in one
plane, and confine our attention to the case of two only, that
of the disturbed and disturbmg body, a view of the
subject which (aa we have seen) comprehends the case of the
moon disturbed by the eun, sinoe any one of the bodies may

\W

be regarded as fixed at pleasure, provided we conceive all its

motions transferred in a contrary direction to each of the
others. L^t therefore A P B be the undisturbed elliptic
orbit of a planet P ; M a disturbing body, jom M P, and
supposing M K=M S take M N : M K :: M K» : M P».
Then if S N be joined, N S will represent the disturbing
force of M or P, on the same scale that SM represents ' '

s
attraction on S. Suppose Z P Y a tangent at P, S Y p^.-

pendicular to it, and N T, N L perpendicular respectively to
S Y and PS produced. Then will N T represent the tan-
gential, T S the normal, N L the transversal, and L S the
radial components of the disturbmg force. In circukr orbits
or orbits only slightly elliptic, the directions P S L and S Y
are nearly coincident, and the former pau- of forces will differ
but slightly from the ktter. We shall here, however, take the
general case, and proceed to investigate in an elliptic orbit
of any degree of excentricity the momentary changes pro-
duced by the action of the disturbing force in those elements
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on which tho magnitude, situation, and form of the ortit

depends (i.e. the length and position of tho major axis and

the cxcentricity), in tho same way as in tho last chapter we

determined the momentary changes of the inclination and

node similarly produced by tho orthogonal force.

(658.) We shall begin with the momentary variation in

the length of the axis, an element of the first importance, as

on it depends (art. 487) the periodic time and mean angular

motion of the planet, as weU as the average supply of light

and heat it receives in a given time from the sun, any perma-

nent or constantly progressive change in which would alter

most materially the conditions of existence of living beings

on its surface. Now it is a property of elliptic motion per-

formed under the influence of gravity, and in conformity with

Kepler's laws, that if the velocity with which a planet moves

at any point of its orbit be given, and also the distance of

that point from the sun, the major axis of the orbit is thereby

also given. It is no matter in what direction the planet may

be moving at that moment. This will influence the cxcen-

tricity and the position of its ellipse, but not its length. This

property of elliptic motion has been demonstrated by Newton,

and is one of the most obvious and elementary conclusions

from his theory. Let us now consider a planet describing an

indefinitely small arc of its orbit about the sun, under the

joint influence of its attraction, and the disturbing power of

another phinet. This arc wiU have some certain curvature

and direction, and, therefore, may be considered as an arc of

a certain elUpse described about the sun as a focus, for this

plain reason,— that whatever be the curvature and direction

of the arc in question, an ellipse may always be assigned,

whose focus shall be in the sun, and which shall coincide

with it throughout the whole interval (supposed indefinitely

small) between its extreme points. This is a matter of pure

geometry. It does not follow, however, that the ellipse thus

instantaneously determined will have the same elements as that

similarly determined from the arc described in either the

previous or the subsequent instant. If the disturbing force

did not exist, this would be the case ; but, by its action, a

TB1^1lWiili¥irmWm-it1lttin"*Wiit^i
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variation of the clement from instant to instant is produced,
and the ellipse so determined is in a continual state of change.
Now when the planet has reached the end of the small arc
under consideration, the question whether it will in the next
instant describe an arc of an ellipse having the same or a
varied axia will depend, not on the new direction impressed
upon it by the acting forces,— for the axis, as we have seen,
is independent of that direction, —not on its change of distance
from the sun, while deseribmg the former arc,— for the
elements of that arc are accommodated to it, so that one and
the same axis must belong to its beginning and its end.
The question, in short, whether in the next arc it shall take
up a new miyor axis or go on with the old one will depend
solely on tliis— whether its velocity has or has not undergone
a change by the action of the disturbing force. For the
central force residing in the focus can impress on it no such
change of velocity as to be incompatible with the permanence
of its ellipse, seeing that it is by the action of that force that
the velocity is maintained in that due proportion to the
distance which elliptic motion, as such, requires.

(659.) Thus we see that the momentary variation of the
major axis depends on nothing but the momentary deviation
from the kw of elliptic velocity produced by the disturbing
force, without the least regard to the direction in which that
extraneous velocity is unpressed, or the distance from the sun
at which the planet may be situated, at the moment of its

impression. Nay, we may even go farther, for, as this holds
good at every instant of its motion, it will follow, that after
the lapse of any time, however great, the total amount of
change which the axis ron have undergone will be determmed
only by the total devi la produced by the action of the
disturbing force m the velocity of the disturbed body from
that which it would have had in its undisturbed ellipse, at the
same distance from the center, and that therefore the total
amount of change produced in the axis in any lapse of tune
may be estimated, if we know at every instant the efficacy
of the disturbing force to alter the velocity of the body's
motion, and that without any regard to the alterations which

00 2
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the action of that force may have produced in the other

elements of the motion in the same time.

(660.) Now it is not t!ic whole disturbing force which is effec-

tive in changing r's velocity, but only ita tangential component.

The normal component tends merely to alter the curvature o.

the orbit or to deflect it into conformity with a circle of cur^

vaturo of greater or leaser radius, as the case may be, and m

no way to alter the velocity. Heuco it appears that ho

variation of the length of the axis is due entirely to the /«>y,n-

tialforce, and is quite independent on the normal. Now it is

cosily shown that as the velocity increases, the axis increases

(the distance remaining unaltered *) though not in the same

exact proportion. Ilcuce it follows that if the tangential

disturbing force conspires with the motion of P, its momentary

action increases the axis of the disturbed orbit, whatever be

the situation of P in its orbit, and vice versd.

(661.) Let A S B (fig. art. 657.) be the major axis of tho

elUpse A P B, and on the opposite side of A B take two points

P' and M', similarly situated with respect to the axis with P

and M on their side. Then if at P' and M' bodies equal to

P and M be placed, the forces exerted by M' on P' and S

will be equal to those exerted by M on P and S, and there-

fore the tangential disturbing force of M' on F exerted in

the direction P' Z' (suppose) will equal that exerted byM on

P in the direction P Z. P' therefore (supposing it to revolve

in the same direction round S as P) will be retarded (or acce-

lerated, as the case may be) by precisely the same force by

veluch P is accelerated (or retarded), so that the variation in

the axis of the respective orbits of P and P' will be equal

in amount, but contrary in character. Suppose now M'a

orbit to be ckcular. Then (if the periodic times of M and P

Oe not commensurate, so that a moderate number of revolutions

may bring them back to the same precise relative positions) it

will necessarily happen, that in the course of a very great

• If a be the semiaxis, r the radius yector, and t» the velocity of P in any

point of an ellipse, a U given by Uie relation »•=?—^, the unlU of velocity and

force being properly assumed.

L.......
n iifaiTMa i

miifffTffl'frifffimrrnwir-itiB iTfriyw irf iffiiwBiirnim^



VAniATION OF THE MAJOn AXIS. 453

in the olhor

which is offco-

:il component,

3 curvature o»

circle of cur-

ay be, and in

3ar8 that lie

to the lai ,. n-

. Now it ia

axis increoaca

t in the same

he tangential

its momentary

, whatever bo

jor axis of the

like two points

le axis with P
•odies equal to

[' on P' and S

S, and there-

F exerted in

erted byM on

ig it to revolve

arded (or acce-

same force by

10 variation in

will bs equal

pose now M's

es ofM. and P
r of revolutions

ive positions) it

f a very great

elocity of P in any
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number of revolutions of botli bodies, P will have been prp-
Bflntcd to M on one side of the axi«, at some one moment, in

the same manner as at aome other moment on the other.

Whatever variation muy have been effected in Its axis in the
one situation will have been reversed in that symmetrically
opposite, and the ultimate result, on a general average of an
infinite number of revolutions, will be a complete and exact
comjKjnsation of the variations in one direct)' 'i by those in

the direction opposite.

(662.) Suppose, next, P's orbit to bo circular. If now JI's

orbit were so also, it ia evident that in one complete synodic
revolution, an exact restoration of the axis to its original

length would take place, because the tangential forces woidd
bo symmetrically equal and opposite during each alternate
quarter revolution. But let M, during n synodic revolution,

have receded somewhat from S, then will its disturbing power
have become gradually weaker, so that, in a synodic revolution
the tangential force in each quadrant, though reversed in

direction being inferior in power, an exact compensntlon will
not have been efiected, but there will be left an outstanding
uncompensated portion, the excess of the stronger over the
feebler effects. But now suppose M to approach by the
same gradations as it before receded. It is clear that this

result will be reversed; since the uncompensated stronger
actions will all lie In the opposite direct <(»n. Now Kupjjose

M's orbit to be elliptic. Then during its rocess from S or in
the half revolution from its perihelion to its aphelion, a con-
tinual imcompensated variation will go on accumulating in one
direction. But from what has been said, it is clear tbat this

will be destroyed, during M's approach to S in the other half
of its orbit, so that here again, on the average of a multitude
of revolutions during which P has been presented to M in

every situation for every distance ofMfrom S, the rcstoratiou

will be effected.

(663.) If neither P's nor M's orbit be circular, and if more-
over the directions of their axes be different, this reaf onin"-,

drawn from the symmetry of their relations to each other, docs
not apply, and it becomes necessary to take a more general

oo 3
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view of the matter. Among the fundamental relations of

dynamics, relations which presuppose no particular law of

force like that of gravitation, but which express in general

terms the results of the action oi force on matter during time,

to produce or change velocity, is one usually cited as the

" Principle of the conservation of the vis viva," which applies

directly to the case before us. This principle (or rather this

theorem) declares that if a body subjected at every instant of

its motion to the action of forces directed to fixed centers (no

matter how numerous), and having their intensity dependent

only on the dietances from their respective centers of action,

travel from one point of space to another, the velocity wliich

it has on its arrival at the latter point will differ from that

which it had on setting out from the former, by a quantity

depending only on the different relative situations of these two

points in space, without the least reference to the form of the

curve in which it may have moved in passing from one point

to the other, whether that curve have been described freely

under the simple influence of the central forces, or the body

have been compelled to glide upon it, as a bead upon a smooth

Amonj: the forces thus acting may be included anywire.

constant forces, acting in parallel directions, which may bo

regarded as directed to fixed centers infinitely distant. It

follows from this theorem, that, if the body return to the point

P from which it set out, its velocity of arrival will be the same

with that of its departure ; a conclusion which (for the purpose

we have in view) sets us free from the necessity of entering

into any consideration of the laws of the disturbing force,

the change which its action may have induced in the form of

the orbit of P, or the successive steps by which velocity gene-

rated at one point of its intermediate path is destroyed at

another, by the reversed action of the tangential force. Now
to apply this theorem to the case in question, let M be sup-

posed to retain a fixed position during one whole revolution

of P. P then is acted on, during that revolution, by three

forces : Ist. by the certral attraction of S directed always to

S ; 2nd. by that to M, always directed toM ; 3rd. by a force

equal to M's attraction on S ; but in the direction M S, which
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therefore is a constant force, acting always in parallel direc-

tions. On completing its revolution, then, P's velocity, and

therefore the major axis of its orbit, will be found unaltered,

at least neglecting that excessively minute difference which

will result from the non-arrival after a revolution at the exact

point of its departure by reason of the perturbations in the

jrbit produced in the interim by the disturbing force, M'hich

for the present we may neglect.

(664.) Now suppv M to revolve, and it will appear, by

a reasoning precisely similar to that of art. 662., that what-

ever uncompensated variation of the velocity arises in suc-

cessive revolutions of P during M's recess from S wiU bo

destroyed by contrary uncomper ted variations arising during

its approach. Or, more simply a^ generally thus: whatever M's

situation may be, for every place which P can have, there must
exist some other place of P (as P'), in which the action of

M shall be precisely reversed. Now if the periods be incom-

mensurable, in an indefinite number of revolutions of both

bodies, for every possible combination of situations (M, P)
there will occur, at some time or other, the combination (M, P')

which neutralizes the effect of the other, when carried to the

genei-al account ; so that ultimately, and when very long

periods of time are embraced, a complete compensation will

be found to be worked out.

(665.) This supposes, however, that in such long periods

the orbit of M is not so altered as to render the occurrence

of the compensating situation (M, P') impossible. This would

be the case if M's orbit were to dilate or contract indefinitely

by a variation in its axis. But the same reasoning which

applies to P, applies also to M. P retaining ^fixed situation,

M's velocity, and therefore the axis of its orbit, would be

exactly restored at the end of a revolution ofM j so that for

every position P M there exists a compensating position

P M'. Thus M'a orbit is maintained of the same magnitude,

and the possibility of the occurrence of the compensating

situation (M, P') is secured.

(666.) To demonstrate as a rigorous mathematical truth

the complete and absolute ultimate compensation of the va-
oo 4
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nations in qucsti-.n, it would be requisite to show that the

minute outstanding changes due to the non-arrivals of P and

M at the same exact points at the end of each revolution,

cannot accumulate in the course of infinite ages in one

direction. Now it will appear in the subsequent part of this

chapter, that the effect of perturbation on the excentricities

and apsides of the orbits is to cause the former to undergo

only periodical variations, and the latter to revolve and take

up in succession every possible situation. Hence in the

course of infinite ages, the points of arrival of P and ,M

at fixed lines of direction, S P, S M, in successive revolutions,

though at one time they will approach S, at another will

recede from it, fluctuating to and fro about mean points

from which they never greatly depart. And if the arrival

of either of them at P, at a point nearer S, at the end of a

complete revolution, cause an excess of velocity, its arrival

at a more distant point will cause a deficiency, and thus, as

the fluctuations of distance to and fro ultimately balance

each other, so will also the excesses and defects of velocity,

though in periods of enormous length, being no less than

that of a complete revolution of P's apsides for the one cause

of inequality, and of a complete restoration of its excentricity

for the other.

(667.) The dynamical proposition on which this reasoning

is based is general, and applies equally well to cases wherein

the forces act in one plane, or are directed to centers any-

where situated in space. Hence, if we take into considera-

tion the inclination of P's orbit to that of M, the same

reasoning will apply. Only that in this case, upon a com-

plete revolution of P, the variation of inclination and the

motion of the nodes of P's orbit will prevent its returning

to a point in the exact plane of its original orbit, as that of

the excentricity and perihelion prevent its arrival at the

same exact distance from S. But since it has been shown

that the inclination fluctuates round a mean state from which

it never departs much, and since the node revolves and makes

a complete circuit, it is obvious that in a complete period of

the latter the points of arrival of P at the same longitude
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will deviate as often and by the same quantities above aa

below its original point of departure from exact coincidence

;

and, therefore, that on the average of an infinite number
of revolutions, the effect of this cause of non-compensation

will also be destroyed.

(668.) It is evident, also, that the dynamical proposition

in question being general, and applying equally to any num-
ber of fixed centers, as well as to any distribution of them in

space, the conclusion would be precisely the same whatever
be the niunber of disturbing bodies, only that the periods of

compensation would become more intricately involved. We
are, therefore, conducted to this most remarkable and im-
portant conclusion, viz. that the major axes of the planetary

(and lunar) orbits, and, consequently, also their mean mo-
tions and periodic times, are subject to none but periodical

chiuiges ; that the length of the year, for example, in the

lapse of infinite ages, has no preponderating tendency either

to increase or diminution,— that the planets will neither re-

cede indefinitely from the sun, nor fall into it, but continue,

so far as their mutual perturbations at least are concerned,

to revolve for ever in orbits of very nearly the same dimen-
sions as at present.

(669.) This theorem (the Magna Charta of our system),

the discovery of which is due to Lagrange, is justly regarded

as the most important, as a single result, of any which have
hitherto rewarded the researches of mathematicians in this

application of their science ; and it is especially worthy of

remark, and foUows evidently from the view here taken of

it, that it would not be true but for the influence of the

perturbing forces on other elements of the orbit, viz. the

perihelion and excentricity, and the inclination and nodes

;

since we have seen that the revolution of the apsides and
nodes, and the periodical increase and diminution of the ex-

centricities and inclinations, are both essential towards ope-

rating that final and complete compensation which gives it a

character of mathematical exactness^ We have here an in-

stance of a perturbation of one kind operating on a perturba-

tion of another to annihilate an effect which would otherwise

MM
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accumulate to the desiruction of the system. It must, how-

ever, be borne in mind, that it is the sm iUnsss of the excen-

tricitiea of the more influential planets, wiiich gives this

theorem its practical importance, and distinguishes it from a

mere barren siKjculative result. Within the limits of ulti-

mate restoration, it is this alone which keeps the periodical

fluctuations of the axis to and fro about a mean value within

moderate and reasonable limits. Although the earth might

not fall into the sim, or recede from it beyond the present

limits of our system, any considerable increase or diminution

of its mean distance, to the extent, for instance, of a tenth of

its actual amount, would not fail to subvert the conditions on

which the existence of the present race of animated beings

depends. Constituted as our system is, however, changes to

anything like this extent are utterly precluded. The great-

est departure from the mean value of the axis of any pla-

netary orbit yet recognized by theory or observation (that of

the orbit of Saturn disturbed by Jupiter), does not amount

to a tl ousandth part of its length.* The efixscts of these

fluctuations, however, are very sensible, and manifest them-

selves in alternate accelerations and retardations in the an-

gular motions of the disturbed about the central body, which

cause it alternately to outrun and to lag behind its elliptic

place in its orbit, giving rise to what are called equations in

its motion, some of the chief instances of which will be here-

after specified when we come to trace more particularly in

detail the effects of the tangential force in various configu-

rations of the disturbed and disturbing bodies,- and to explain

the consequences of a near approach to commensurability in

their periodic times. An exact commensurability in this

respect, such, for instance, as would bring both planets round

to the same configuration in two or three revolutions of one

of them, would appear at first sight to destroy one of the

essential elements of our demonstration. But even supposing

such an exact adjustment to subsist at any epoch, it could

• Greater deviations will probably be found to exist in tlie orbits of the small

extra-tropical planets. But these are too insignificant members of our system

to ne<;d special notice in a work of this nature.
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not remain permanent, since by a remarkable property of

perturbations of this class, which geometers have demon-
strated, but the reasons of which we cannot stop to explain,

any change produced on the axis of the disturbed planet's

orbit is necessarily accompanied by a change in the contrary

direction in that of the disturbing, so that the periods would
recede from commensurability by the mere effect of their

mutual action. Cases are not wanting in the planetary sys-

tem of a certain approach to commensurability, and in one
very remarkable case (th^t of Uranus and Neptune) of a
considerably near one, not near enough, however, in the

smallest degree to affect the validity of the argument, but
only to give rise to inequalities of very long periods, of which
more presently.*

(670.) The variation of the length of the axis of the

disturbed orbit is due solely to the action of the tangential

disturbing force. It is otherwise with that of its excentricity

and of the position of its axis, or, which is the same thing, the

longitude of its perihelion. Both the normal and tangential

components of the disturbing force affect these elements.

We shall, however, consider separately the influence of each.

and, commencing, as the simplest case, vvith that of the tan-

gential force ;— let P be the place of the disturbed planet
in its elliptic orbit A P B, whose axis at the moment isA S B
and focus S. Suppose Y P Z to be a tangent to this orbit at

• 41 revolutions of Neptune are neirly equal to 81 of Uranus, giving rise
to an inequality, having 6805 years for its period.
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r. Then, if we suppose AB=2a, the other focus of the

ellipse, H, will be found by making the angle Z P H=Y P S

or rPH= l80°—YPZ, orSPH = 180°— 2YPS, and

taking PH=2a— SP. This is evident from the nature

of the ellipse, in which lines drawn from any point to the two

foci make equal angles with the tangent, and have their sum

equal to the major axis. Suppose, now, the tangential force

to act on P and to increase its velocity. It will therefore

increase the axis, so that the new value assumed by a (viz. a')

will be greater than a. But the tangential force does not

alter the angle of tangency, so that to find the new posi-

tion (H') of the upper focus, we must measure off along

the same line P H, a distance PH'(=2a' — SP) greater

than P H. Do this then, and join S H' and produce it.

Then will A' B' be the new position of the axis, and ^ S H'

the new excentricity. Hence we conclude, Ist, that the

new position of the perihelion A' will deviate from the old

one A towards the same side of the axis A B on which

P is when the tangential force acts to increase the velocity/

whether P be moving from perihelion to aphelion, or

the contrary. 2dly, That on the same supposition as to

the action of the tangential force, the excentricity increases

when P is between the perihelion and the perpendicular to

the axis F H G drawn through the upper focus, and dimi-

nishes when between the aphelion and the same perpendicular.

3dly, That for a given change of velocity, i. e, for a given

value of the tangential force, the momentary variation in the

place of the perihelion is a maximum when P is at F or G,

from which situation of P to the perihelion or aphelion, it

decreases to nothing, the perihelion being stationary when P
is at A or B. 4thly, That the variation of the excentricity

due to this cause is complementary in its law of increase

and decrease to that of the perihelion, being a maxunum for

a given tangential force when P is at A or B, and vanishing

when at G or F. And lastly, that where the tangential force

acts to diminish the velocity, all these results are reversed.

If the orbit be very nearly circular* the points F, G, will be

* So nearly that the cube of the excentricity may be neglected.

.iiuMiiwminmiWtmiiminlnimii
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fio situated that, although not at opposite extremities of a

diameter, the times of describing A F, F B, B G, and G A
will be all equal, and each of course one quarter of the whole

periodic time of P.

(671.) Let us now consider the effects of the normal com-

ponent of the disturbing force upon the same elements. The

direct effect of this force is to increase or diminish the curva-

ture of the orbit at the point P of its action, without pro-

ducing any change on the velocity, so that the length of the

y^y^N ~ z

'( y/
....:^

\

<- \"'
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•

G

- M

/

axis remains unaltered by its action. Now, an increase of

curvature at P is synonymous with a decrease in the angle

of tangency SPY when P is approaching towards S, and with

an increase, in that angle when receding from S. Suppose

the former case, and while P approaches S (or is moving

from aphelion to perihelion), let the normal force act inwards

or towards the concavity of the ellipse. Then will the tangent

P Y by the action of that force have taken up the position

P Y'. To find the corresponding position H' taken up by

the focus of the crbit so disturbed, we must make the angle

S P H'= 180°— 2 SPY', or, which comes to the same, draw

P H' on the side of P H opposite to S, making the angle

H P H'=twice the angle of deflection Y P Y' and in P H'

take PH'=:P H. Joining, then, SH' and producing it,

A' S H' M' will be the new position of the axis. A' the new

perihelion, and ^ S H' the new excentricity. Hence we

conclude, 1st, that the normal force acting inwards, and P
moving towards the perihelion, the new direction S A' of the

perihelion is in advance (with reference to the direction of P'a

"-iS^StJIt w^m^ f̂^ff̂ i^s^^^^^s^t''"
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revolution) of the old— or the apsides advance— when P is

anywhere situated between F and A (since when at F the

point H' falls upon H M between H and M). When P is

at F the apsides arc stationary, but when P is anywhere

between M and F the apsides retrograde, H' in this case

lying on the opposite side of the axis. 2dly, That the same

directions of the normal force and of P's motion being

supposed, the excentricity increases while P moves through

the whole semiellipse from aphelion to perihelion — the rate

of its increase being a maximum when P is at F, and nothing

at the aphelion and perihelion. 3dly, That these effects are

reversed in the oppobite half of the orbit, A G M, in

which P passes from perihelion to aphelion or recedes from S.

4thly, That they are also reversed by a reversal of the

direction of the normal force, outwards, in place of inwards.

5thlv, That here also the variations of the excentricity and

perihelion are complementary to each other ; the one vari-

ation being most rapid when the other vanishes, and vice

versa. 6thly, And lastly, that the changes in the situation

of the focus H produced by the actions of the tangential

and normal components of the disturbing force are at right

angles to each other in every situation of P, and therefore

where the tangential force is most efficacious (in proportion

to its intensity) in varying either the one or the other of the

elements in question, the normal is least so, and vice versd.

(672.) To determine the momentary effect of the whole

disturbing force then, we have only to resolve it into its

tangential and normal components, and estimating by these

principles separately the effects of either constituent on both

elements, add or subtract the results according as they con-

spire or oppose each other. Or we may at once make the

angle H P H" equal to twice the angle of deflection produced

by the normal force, and lay off PH"=PH + twice the

variation of a produced in the same moment of time by the

tangential force, and H" will be the new focus. The mo-

mentary velocity generated by the tangential force is cal-

culable from a knowledge of that force by the ordinary prin-

ciples of dynamics ; and from this, the variation of the axis-is

8Jljiai'iJuMMt''IJ JlM iii«»)iM il>MWWl>M>lli1«i'i
«
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easily derived. • The momentary velocity generated by the

normal force in its own direction is in like manner calculable

from a knowledge of that force, and dividing this by tho

linear velocity of P at that instant, we deduce the angular

velocity of the tangent about P, or the momentary variation

of the angle of tangency SPY, corresponding.

(673.) The following resume of these several results in a

tabular form includes every variety of case according as P is

approaching to or receding from S ; aa it is situated in the

arc F A G of its orbit about the perihelion or in the remoter

arc G M F about the aphelion, aa the tangential force accele-

rates or retards the disturbed body, or as the normal acts jh-

wards or outwards with reference to the concavity of the orbit.

EFFECTS OF THE TANGENTIAL DISTURBING FORCE.

Direction of P'« motion. Situation of P in orbit.
Action of Tangential

Force.
Eflect on Element!.

Approaching S. Anywhere. Accelerating P. Apsides recede.

Ditto. Ditto. Retarding P. advance.
Receding from S. Ditto. Accelerating P. advance.

Ditto. Ditto. Retarding P. recede.

Indifferent. About Aphelion. Accelerating P. Excentr.dccreases.

Ditto. Ditto. Retarding P. increase!).

Ditto. About Perihelion. Accelerating P. increases.

Ditto. Ditto. Retarding P. decreases.

EFFECTS OF THE NORMAL DISTURBING FORCE.

Direction of P'l motion

.

Situation of F in orbit Action of Normal
Force.

Effect on Elemrats.

Indifferent. About Aphelion. Inwards. Apsides recede.

Ditto. Ditto. Outwards. advance.
Ditto. About Perihelion. Inwards. advance.

Ditto. Ditto. Outwards. recede.

Approaching S. Anyw*- "re. Inwards. Excentr. increases.

Ditto. Ditto. Outwards. decreases.

Receding from S, Ditto, Inwards. decreases.

Ditto. Ditto. Outwards. increases.

\ 9 1-2 11
- = -— c>, and - =-— v" ,'. - — -= t;»— t>" =(» + »/) (if-i/) or when in-

finitesimal variations only are considered—^^= 2e (»'— ti) or a'—a =• 2o'o (t/— «)

from which it appears that the variation of the axis arising from a given va-

riation of velocity is independent of r, or is the same at whatever distance from S
the change takes place, and that cateria paribus it is greater for a given change of
velocity (or for a given tangential force) io the direct ratio of the velocity itielf.
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(674.) From the momentary changes in the clcnjcnta of

the disturbed orbit correaponding to successive eituationa of

P and M, to conclude the total amount of change produced

in any given time is the business of the integral calculus, and

lies far beyond the scope of the present work. Without its

aid, however, and by general considerations of the periodical

recurrence of configurations of the same character, wo have

been able to demonstrate many of the most interesting con-

clusions to which geometers have been conducted, examples

of wliich have already been given in the reasoning by which

the permanence of the axes, the periodicity of the inclina*

tions, and the revolutions of the nodes of the planetary orbits

have been demonstrated. We shall now proceed to apply

similar considerations to the motion of the apsides, and the

variations of the excentricities. To this end we must first

trace the changes induced on the disturbing forces themselves,

with the varying positions ofthe bodies, and here as in treating

of the inclinations we shall suppose, unless the contrary is ex-

pressly indic6,i-cd, both orbits to be very nearly circular,

without which limitation the complication of the subject would

become too embarrassing for the reader to follow, and defeat

the end of explanation. .

(675.) On this supposition the directions of S P and S Y,

tlie perpendicular on the tangent at P, may be regarded as

coincident, and the normal and radial disturbing forces become

nearly identical in quantity, also the tangential and transversal,

by the near coincidence of the points T and L (fig. art. 687.).

' Mmai'^mnimm tm m
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So fur then as the tntmtiti/ <>( the forces is concerned, it will
mako very little difference in which way the forces arc re-
solved, nor will it at all materially affect our conclusions as to
the effects of the normal and tangential forces, if in estimating
thoiT quantitative values, we take advantage of the simplifica-
tion introduced into their numerical expression by the neglect
of the angle P S Y, i. e. by the substitution for them of the
radial and transversal components. The character of these
cflfccts depends (art. 670, 671.) on the direction in which the
fortsea act, which we shall suppose normal ond tangential as
before, and it is only on the estimation of their quantitative
effects that the error induced by the neglect of this angle can
fall In the lunar orbit this angle never exceeds 3° 10', and
its influence on the quantitative estimation of the acting forces
may therefore be safely neglected in a first api)roximation.
Now MN being found by the proportion M P» : MS^-
MS:MN,NP(= MN-MP)i8 also known, and there-
fore N L=N P. sin N P S=N P. sin (A S P + S M P) and
LS=PL-PS=NP.cosNPS-PS=NP.co8(ASP
+ SMP)— SP become known, which express respectively
the tangential and normal forces on the same scale that SM
represents M's attraction on S.* Suppose P to revolve in the
direction E A D B. Then, by drawing the figure in various
situations of P throughout the whole Circle, the reader will
easily sotisfy himself —1st. That the tangential force acce-
lerates P, as It moves from E towards A, and from D towards
B, but retards it as it passes from A to D, and from B to E.
2nd. That the tangential force vanishes at the four points
A, D, E, B, and attains amaximum at some intermediate points.
3rdly. That the normal force is directed outwards at the

• MS=.R; SP= r; MP=/i ASP^fli AMP=.M;MN«
R'-/

R' NP
-«(R.-/)n + y +

Y*)
' ^Jience wo have NL«(R-/).sin {0+Mj

•(l+ 1+^); LS=(a-/). cos (e+M). (, + 5+ «;:)_,. When B
and /. owing to the great distance of M, are nearly equal, we have R-/-
PV,—=1 nearly, and the angle M may be neglected; so that we bav*

N P--,3 P V.
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8y«ij|je9 A, B, ;iud itm*rtl« at the pointa D, E, at which points

respectively its outwjinl ;iml inward intensities nttiin their

nia-'fna. Luatly, that this force viuuBhcs at points ihlcrme-

diaU: iu'twecn A D, D U, B E, and E A, whicii points, when

M id considcrahly '^moto, are situated nearer to the quadra-

ture than tlio syzji^iOS.

(^070.) In the lunar theory, to which wo shall now proceed

to apply these principles, both the geometrical representation

and tho algebraic expression of the disturbing forces admit of

great simplificution. Owing to the great distance of tho sun

M, at whoso center tho radius of the moon's orbit never

subtends an angle of more than about 8', N V may bo re-

garded as parallel to A B. And D S E becomes a straight lini

coincident with tho line of quadratures, so that V 1* becomea

tho cosine of A S P to radius S P, and NL=NP . sin

ASP; LP=NP.co8ASP. Moreover, in this case

(see tho note on the lost article) N P= 3 P V=3 S P . cos

ASP; and consequently N L= 3 S P . cos A SP . sin A SP
= } SP. 8in2 ASP,andLS = SP(3.c0B ASP^— 1)

=iSP(l+3. cos 2 ASP) which vanishes when cos

A S P^= i, or at 64° 14' from the syzygy. Suppose through

every point of P's orbit there be drawn S Q=3 SP . cob

A S P", then will Q trace out a certain looped oval, as in tho

figure, cutting tho orbit in four points 64° 14' from A and B
respectively, and P Q will always represent in quantity and

direction the normal force acting at P.

(677.) It is important to remark here, because upon this

the whole lunar theory and especially that of the n)otion of
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icause npon this

)f the motion of

the apsides hinges, that all the acting diBlnrhing forces, at
equal angles of elongati. n A S P ol the moon from the sun,
aro ceeterit parihut i)roportional to S P, tiio moon's distance
from the earth, and aro therefore preater when the nu./n is

near its apogee than when near its perigee ; the extreme
proportion being that of about 28 : 25. This premised, let

us first consider the effect of the normal forc(! in displacing
the lunar apsides. This wo shall best be enabled to do by
examining separately those cas-s in which the effects aro most
strongly contrasted ; viz. when the major axis of the moon's
orbit is directed towards the sun, and when at right angles
to that direction. First, then, let the lino of apsides bo

.- o

+ +

directed to the sun as in the annexed figure, where A is tho
perigee, and take tho arcs A «, A ft, B c, B rf each=64° 14'.

Then while P is between a and b the normal force acting out-
wards, and the moon being near its perigee, by art. 671. the
apsides will recede, but when between c and d, the force there

acting outwards, but the moon being near its apogee, they
will advance. The rapidity of these movements will bo re-

spectively at its maxima at A and B, not only because the
disturbing forces are then most intense, but also because
(see art. 671.) they act most advantageously at those points

to displnoo the axis. Proceeding from A and B towards the
neutral points abed the rapidity of their recess and advance
diminishes, and is nothing (or the apsides are stationary)

when P is at either of these points. From b to D, or rather
to a [loint some little beyond D (art. 671.) the force acts

inwards, and tho moon is still near perigee, so that in this arc
nn 3
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of the orbit the apsides advance. But the rate of advance

is feeble, because in the early part of that arc the normal

force is small, and as P approaches D and the force gains

power, it acts disadvantageously to move the axis, its effect

vanishing altogether when it anives beyond D at the ex-

tremity of the perpendicular to the upper focus of the lunar

cUipse. Thence up to c this feeble advance is reversed and

converted into a recess, the force still acting inwards, but

the moon now being near its apogee. And so also for

the arcs (ZE, E a. In the figure these changes are indicated

by + + for rapid advance, for rapid recess, + and—
for feeble advance and recess, and for the stationary points

Now if the forces were equal on the sides of + and — it is

evident that there would be an exact counterbalance of

advance ond recess on the average of a whole revolution.

But tliis is not the case. The force in apogee is greater than

that in perigee in the proportion of 28 : 25, while in the

quadratures about D and E they are equal. Therefore,

while the feeble movements + and— in the neighbourhood of

the^j points destroy each other almost exactly, there will

necesiai'ily remain a considerable balance in favour of advance,

in this situation of the line of apsides.

(678.) Next, suppose the apogee to lie at A, and the peri-

gee at B. In this case it is evident that, so far as the di-

rection of the motions of the apsides is concerned, all the

conclusions of the foregoing reasoning will be reversed by the

substitution of the word perigee for apogee, and vice versa

;

and all the signs in the figure referred to will be changed.

But now the most powerful forces act on the side of A, that

is to say, still on the side of advance, this condition also being

reversed. In either situation of the orbit, then, the apsides

advance.

(679.) (Case 3.) Suppose, now, the major axis to have the

situation D E, and the perigee to be on the side of D. Here,

in the arc i c of P's motion the normal force acts inwards,

and the moon is near perigee, consequently the apsides

advance, but with a moderate rapidity, the maximum of the

inward normal force being only half that of the outward.

^rt.a.»wTO«CT»8»Mrou,j-.j J imfiiwiiMMWwaMWKw
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In the arcs A b and c B the moon is still near perigee, and
the force acts outwards, but though powerfully towards A
and B, yet at a constantly increasing disadvantage (art. 671.)
Therefore in these arcs the apsides recede, but moderately.
In a A and B rf (being towards apogee) they again advance,
still with a moderate velocity. Lastly, throughout the arc
d a, being about apogee with an inward force, they recede.

Here as before, if the perigee and apogee forces were equal,

the advance and recess would counterbalance; but as in fact

the apogee forces preponderate, there will be a balance on
the entire revolution in favour of recess. The same reasoning
of course holds good if the perigee be towards E. But now,
between these cases and those in the foregoing articles, there
is this diflference, viz. that in this the dominant effect results

from the inward action of the normal force in quadratures,
wliile in the others it results from its outward, and doubly
powerful action in syzygies. The recess of the apsides in

their quadratures arising from the action of the normal force

will therefore be less than their advance in their syzygies

;

and not only on this account, but also because of +'ie much
less extent of the arcs b c and rf a on which the balance is

mainly struck in this case, than of a i and c d, the correspond-
ing most in^uential arcs in the other.

(680.) in intermediate situations of the line of apsides, the

effect will be intermediate, and there will of course be a situa-

tion of them in which on an average of a whole revolution,

they are stationary. This situation it is easy to see will be
nearer to the line of quadiatures than of syzygies, and the

preponderance of advance will be maintained over a mnch
more considerable arc than that of recess, among the possible

situations which they can hold. On every acnount, therefore
the action of the normal force causes the lunar ajisides to

progress in a complete revolution of M or in a synodical year,

during which the-motion of the sun round the earth (as we
consider the earth at rest) brings the Une of syzygies into all

situations with respect to that of apsides.

(681.) Let us next consider the action of the tangential
force. And aa before (Case 1.), supposing the perigee of the

U II 3
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moon at A, and the direction of her revolution to be A D B E,

the tangential force retards her motion through the quadrant

A D, in which she recedes from S, therefore by art. 670. the

apsides recede. Through D B the force accelerates, wliile

the moon still recedes, therefore they advance. Through B E
the force retards, and the moon approaches, therefore they

continue to ii Ivance, and finally throughout the quadrant E A
the force accelerates and the moon approaches, therefore they

recede. In virtue therefore of this force, the apsides recede,

during the description of the arc E AD, and advance during

D B E, but the force being in this case aa in that of the

normal force more powerful at apogee, the latter will pre-

ponderate, and the apside^ will advance on an average of a

whole revolution.

(682.) (Case 2.) The perigee being towards B, ---e have

to substitute in the foregoing reasoning approach to S, for

recess from it, and vice versd, the accelerations and retardar

tions remaining aa before. Therefore the results, as far as

direction is concerned, will be reversed in etich quadrant, the

apsides advance during E A D and recede during D B E.

But the situation of the apogee being also reversed, the pre-

dominance remains on the side of E A D, that is, of advance.

(683.) (Case 3.) Apsides in quadratures, perigee near D.

—

Over quadrant AD, approach and retardation, therefore

advance of apsides. Over D B recess and acceleration, there-

fore again advance ; over B E recess and retardation with

recess of apsides, and lastly over E A approach and accelera-

tion, producing their continued recess. Total result: advance

during the half revolution A D B, and recess during B E A,

the acting forces being more powerful in the latter, whence

of course a preponderant recess. The same result when the

perigee is at E.

(684.) So far the analogy of reasoning between the action

of the tangential and normal forces is perfect. But from this

point they diverge. It is not here as before. The recess of

the apsides in quadratures does not now arise from the pre-

dominance of feeble over feebler forces, while that in syzygies

results from that of powerful over powerful ones. The maxi-

MM



MOTION OF THE LUNAU APSIDES. 471

^beADBE,
the quadrant

art. 670. the

Urates, while

Through B E
therefore they

|uadrant E A
therefore they

ipsides recede,

dvance during

n that of the

tter will pre-

average of a

3 B, "'B have

)ach to S, for

J and retarda-

iults, as far as

quadrant, the

luring D B E.

ersed, the pre-

is, of advance,

igee near D.

—

ion, therefore

ieration, there-

tardation with

1 aud accelera-

Bsult: advance

during B E A,

latter, whence

eault when the

reen the action

But from this

The recess of

from the pre-

;hat in syzygies

js. The maxi-

mum accelerating action of the tangential force is equal to

its maximum retarding, while the inward action of the normal

at its maximum is only half the maximum of its outward.

Neither is there that difference in the extent of the arcs over

which the balance is struck in this, as in the other case, the

action of the tangential force being inward and outwai-d

alternately over equal arcs, each a complete qitafTrant.

Whereas, therefore, in tracing the action of the normal force,

we found reason to conclude it much more effective to produce

progress ofthe apsides in their syzygy, than in their quadrature

situations, we can draw no such conclusion in that of the

tangential forces : there being, as regards tltat force, a complete

symmetry in the four quadrants, while in regard of the normal

force the symmetry is only a half-symmetry having relation

to two semicircles.

(685.) Taking the average of many revolutions of the sun

about the earth, in which it shall present itself in every pos-

sible variety of situations to the line of apsides, we see that the

effect of the normal force is to produce a rapid advance in the

syzygy of the apsides, and a less rapid recess in their quadra^

ture, and on the whole, therefore, a moderately rapid general

advance, while that of the tangential is to produce an equally

rapid advai^ce in syzygy, and recess in quadrature. Directly,

therefore, the tangential force would appear to have no ulti-

mate influence in causing either increase or diminution in the

mean motion of the apsides resulting from the action of the

normal force. It does so, however, indirectly, conspiring in

that respect with, and greatly increasing, an indirect action

of the normal force in a mannci* which we shall now proceed

to explain.

(686.) The sun moving uniformly, or nearly so, in the

same direction as P, the line of apsides when in or near the

syzygy, in advancing follows the sun, and therefore remains

materially longer, in the neighbourhood of syzygy than if it

rested. On the other hand, when the apsides are in quadrature

they recede, and moving therefore contrary to the sun's motion,

remain a shorter time in that neighbourhood, than if they

rested. Thus the advance, already preponderant, is made to

HH 1

iiflMliiii 'y-l^mf



472 OUTLINES OF ASTRONOMY.

preponderate more by its longer continuance, and the recess,

already deficient, is rendered still more so by the shortening

of its duration.* Whatever cause, then, increases directly

the rapidity of both advance and recess, though it may do both

equally, aids in this indirect process, and it is thus that the

tangential force becomes effective through the medium of

the progress already produced, in doing and aiding the normal

force to do that which alone it would be unable to effect.

Thus we have perturbation exaggerating perturbation, and

thus we see what is meant, by geometers, when they declare

that a considerable part of the motion of the lunar apsides is

due to the square of the disturbing force, or, in other words,

arises out of a second approximation in which the influence

of the first in altering the data of the problem is taken into

account.

(687.) The curious and complicated effect of perturbation,

described in the last article, has given more trouble to geo-

meters than any other part of the lunar theoiy. Newton

himself had succeeded in tracing that part of the motion of

the apogee which is due to the direct action of the radial

foi-ce ; but finding the amount only half what observation

assigns, he appears to have abandoned the subject in despair.

Nor, when resumed by his successors, did the inquiry, for a

very long period, assume a more promising aspect. On the

contrary, Newton's result appeared to be even minutely

verified, and the elaborate investigations which were lavished

upon the subject without success began to excite strong doubts

whether this feature of the lunar motions could be explained

at all by the Newtonian law of gravitation. The doubt was

removed, however, almost in the instant of its origin, by the

same geometer, Clairaut, who fiiot gave it currency, and who

gloriously repaired the ereor of his momentary hesitation, by

demonstrating the exact coincidence between theory and ob-

servation, when the effect of the tangential force is properly

taken into the account. The lunar apogee circulates, in

3232'' -575343, or about .9^ years.

• Newton, Pr'inc. i. 66. Cor. 8.
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(^688.) Let us now proceed to investigate the influence of

the disturbing forces so resolved on the excentricity of the

lunar orbit, and the foregoing articles having sufficiently

familiarized the reader with our mode of following out the

changes in different situations of the orbit, we shall take at

once a more general situation, and suppose the line of apsides

in any position with respect to the sun, such as Z Y, the

perigee being at Z, a point between the lower syzygy and
the quadrature next following it, the direction of P's motion
as all along supposed being A D B E. Then (commencing
with the normal force) the momentary change of excentricity

will vanish at a, b, c, d, by the

vanishing of that force, and at

Z and Y by the eflfect of situa-

„ tion in the orbit annulling its

action (art. 671.). In the

arcs Z h and Y d therefore the

change of excentricity will be

small, the acting force nowhere

attaining either a great magni-

tude or an advantageous situation within their limits. And
the force within these two arcs having the same character as

to inward flnd outward, but being oppositely influential by
reason of the approach of P to S in one of them and its recess

in the other, it is evident that, so far as these arcs are con-

cerned, a very near compensation of effects will take place,

and though the apogeal arc Y d will be somewhat more in-

fluential, this will tell for little upon the average of a revo-

lution.

(689.) The arcs 5D c and rfE a are each much less than a

quadrant in extent, and the force acting inwards throughout

them (which at its maximum in D and E is only half the

outward force at A, B) degrades very rapidly in intensity

towards either syzygy (see art. 676.). Hence whether Z be

between be or ft A, the effects of the force in these area

will not produce very extensive changes on the excentricity,

and the changes which it does produce will (for the reason

already given) be opposed to each other. Although, then,
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the ftfc ad he farther from perigee than b c, and therefore the

force in it is greater, yet the predominance of effect here

will not be very marked, and will moreover be partially

neutralized by the small predominance of an opposite character

in Y rf over Z b. On the other hand, the arcs a Z, c Y are

both larger in extent than either of the others, and the

seats of action of forces doubly powerful. Their influence,

therefore, will be of most importance, and their preponderance

one over the other, (being opposite in their tendencies,) will

decide the question whether on an average of the revolution,

the excentricity shall increase or diminish. It is clear

that the decision must be in favom* of c Y, the apogeal arc,

and, since in this the force is outwards and the moon receding

from the earth, an increase of the excentricity will arise from

its influence. A similar reasoning will, evidently, lead to the

same conclusion were the apogee and perigee to change

places, for the directions of P's motion as to approach and

recess to S wUl be indeed reversed, but at the same time

the dominant forces will have changed sides, and the arc a A Z
will now give the character to the result. But when Z lies

between A and E, as the reader may easily satisfy himself,

the case will be altogether different, and the reverse conclusion

will obtain. Hence the changes of excentricity emergent on

the average of single revolutions from the action of the normal

force will be as represented by the signs + and— in the

figure above annexed.

(690.) Let us next consider the effect of the tangential

force. This retards P in the quadrants AD, BE, and

accelerates it in the alternate

ones. In the whole quadrant

A D, therefore, the effect is of

^
one character, the perigee

• being less than 90° from every

point in it, and in the whole

quadrant B E it is of the oppo-

site, the apogee being so si-

tuated (art.670.) Moreover,

in the middle of each quadrant, the tangential force is at its

ivt&m warn irMilii'niiwmiyi
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maximum. Now, in the other quadrants, E A and D B, tho
change from perigeal to apogeal vicinity takes place, and the
tangential force, however powerful, haa its effect annulled
by situation (art. 670.), and this happens more or less nearly
about the points where the force is a maximum. These
quadrants, then, are far less influential on the total result,

so that the character of that result will be decided by the
predominance of one or other of the former quadrants, and
will lean to that which has the apogee in it. Now in the
quadrant B E the force retards the moon and the moon is in
apogee. Therefore the excentricity increases. In this

situation therefore of the apogee, such is tho average result
of a complete revolution of the moon. Here again also if the
perigee and apogee change places, so will also the character of
all the partial influences, arc for arc. But the quadrant AD
will now preponderate instead ofD E, so that under this double
reversal of conditions the result will be identical. Lastly,
if the line of apsides be in A E, B D, it may be shown in
like manner that the excentricity will diminish on the average
of a revolution.

(691.) Thus it appears, that in varying the excentricity,

precisely as in moving the line of apsides, the direct effect

of the tangential force conspires with that of the normal, and
tends to increase the extent of the deviations to and fro on
either side of a mean value which the varying situation of
the sun with respect to the line of apsides gives rise to,

having for their period of restoration a synodical revolution
of the sun and apse. Supposing the sun and apsis to start

together, the sun of course will outrun the apsis (whose
period is nine years), and in the lapse of about (i+ y^) part
of a year will have gained on it 90°, during all which interval
the apse will have been in the quadrant A E of our figure,

and the excentricity continually decreasing. The decrease
will then cease, but the excentricity itself will be a minimum,
the sun being now at right angles to t.ie line of apsides.

Thence it will increase to a maximum when the sun has
gained another 90°, and again attained the line of apsides, and
so on alternately. The actual effect on the numerical value

mmmr-T
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of the lunar exccntricity ia very considerable, the greatest

and leaat excentricitics being in the ratio of 3 to 2.*

(692.) The motion of the apsides of the lunar orbit may
be illustrated by a very pretty mechanical experiment, which

is otherwise instructive in giving an idea of the mode in

which orbitual motion is carried on under the action of cen-

tral forces variable according to the situation of the revolving

body. Let a leaden weight be suspended by a brass or iron

wire to a hook in the under side of a firm beam, so as to

allow of its free motion on all sides of the vertical, and so

that when in a state of rest it shall just clear the floor of the

room, or a table placed ten or twelve feet beneath the hook.

The point of support should be well secured from wagging
to and fro by the oscillation of the weight, which should be
sufficient to keep the wire aa tightly stretched as it will bear,

with the certainty of not breaking. Now, let a very small

motion be communicated to the weight, not by merely with-

drawing it from the vertical and letting it fall, but by giving

it a slight impulse sideways. It will be seen to describe a

regular ellipse about the point of rest as its center. If the

weight be heavy, and carry attached to it a pencil, whose
point lies exactly in the direction of the string, the ellipse

may be transferred to paper lightly stretched and gently

pressed against it. In these circumstances, the situation of

the major and minor axes of the ellipse will remain for a long

time very nearly the same, though the resistance of the air

and the stiffness of the wire will radually diminish its

dimensions and excentricity. But if the impulse com-
municated to the weight be considerable, so as to carry it

out to a great angle (15° or 20° from the vertical), this per-

manence of situation of the ellipse will no longer subsist.

Its axis will be seen to shift its position at every revolution

of the weight, advancing in the same direction with the

weight's motion, by an uniform and regular progression,

which at length will entirely reverse its situation, bringing

the direction of the longest excursions to coincide with that

• Airy, Gravitatiou, p. 106.
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in which the shortest were previously made ; and bo on,

round the whole circle ; and, in a word, imitating to the

eye, very completely, the motion of the apsides of the moon'a

orbit.

(693.) Now, if we inquire into the cause of this pro-

gression of the apsides, it will not be difficult of detection.

When a weight is suspended by a wire, and drawn aside from

the vertical, it is urged to the lowest point (or rather in a

direction at every instant perpendicular to the wire) by a
force which varies as the sine of the deviation of the wire

from the perpendicular. Now, the sines of very small area

are nearly in the proportion of the arcs themselves ; and the

more nearly, as the arcs are smaller. If, therefore, the

deviations from the vertical be so small that we may neglect

the cur\ature of the spherical surface in which the weight

moves, and regard the curve described as coincident with its

projection on a horizontal plane, it will be then moving

under the same circumstances as if it were a revolving body

attracted to a center by a force varying directly as the

distance ; and, in this case, the curve described would be an

ellipse, having its centre of attraction not in the focus, but

in the center *, and the apsides of this ellipse would remain

fixed. But if the excursions of the weight from the vertical

be considerable, the force urging it towards the center will

deviate in its law from the simple ratio of the distances

;

being as the sine, while the distances are as the arc. Now
the sine, though it continues to increase aa the arc increases,

yet does not increase so fast. So soon aa the arc has any
sensible extent, the sine begins to fall somewhat short of the

magnitude which an exact numerical proportionality would
require ; and therefore the force urging the weight towards

its center or point of rest at great distances falls, in like

proportion, somewhat short of that which would keep the

body in its precise elliptic orbit. It will no longer, therefore,

have, at those greater distances, the same command over the
weight, in proportion to its speed, which would enable it to

• Newton, Princip. i. 47.
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deflect it from its rectilinear tangential course into nn clliirao.

The true path which it describes will bo less curved in the

remoter parts than is consistent with the elliptic figure, aa in

the annexed cut ; and, therefore, it will not so soon have its

motion brought to bo again at right angles to the radius.

It will require a longer continued action of the central force

to do this ; and before it is accomplished, more than a quadrant

of its revlution must be passed over in

angular n ition round the center. But
this is only stating at length, and in a

more circuitous manner, that fact which

is more briefly and summarily expressed

by saying that the apsides of Us orbit

are progressive. Nothing beyona a fami-

liar illustration is of course nitended in

what is above said. The case is not "^ exact parallel with

that of the lunar orbit, the disturbing force being simply

radial, whereas in the lunar orbit a transversal force is also con-

cerned, and even were it otherwise, only a confused and in-

distinct view of apsidal motion can be obtained from this kind

of consideration ofthe curvature of the disturbed path. If we
would obtain a clear one, the two fr •:? of the instantaneous

ellipse must be found from the laws of elliptic motion per-

formed under the influence of a force directly as the distance,

and the radial dbturbing force being decomposed into its

tangential and normal components, the momentary Influence

of either in altering their positions and consequently the

directions and lengths of the axis of the ellipse must be

aacertained. The student will find it neither a difficult nor

an iminstructive exercise to work out the case from these

principles, which we cannot afford the space to do.

(694.) The theory of the motion of the planetary apsides

and the variation of their excentricities is in one point of

view much more simple, but in another much more complicated

than that of the lunar. It is simpler, because owing to the

exceeding minuteness of the changes operated in the course

of a single revolution, the angular position of the bodies with

respect to the line of apsides is very little altered by the

>\5iT4~!7-~;»K7KT5«S!iW!^3!®aSSSS^
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tered by the

motion of tho apsides thcmaelvea. The line of apsides neither
follows up tho motion of the disturbing body in its state of
advance, nor vice versd, in any degree capable of pro-
longing materially tlieir odvancing or shortening materially
their receding phase. Hence no second approximation of tho
kind explained in (art. 686.), by which tho motion of tho
lunar apsides is bo powerfully modified as to be actually
doubled in amount, is at all required in tho planetary theory.
On tho other hand, tho latter theory is rendered more com-
plicated than the former, at least in the cases of planets whoso
periodic times are to each other in a ratio much less than 13
to 1, by the consideration that tho disturbing body shifts its

position with respect to the lino of apsides by a much greater
angular quantity in a revolution of the disturbed body than
in the case of the moon. In that case we were at liberty to
suppose (for the sake of exphination), without any very
egregious error, that the sun held nearly a fixed position
during a single lunation. But in the cose of planets whose
times of revolution are in a much lower ratio this cannot bo
pemiitted. In the case of Jupiter disturbed by Saturn for
example, in ono sidereal revolution of Jupiter, Saturn has
atlvuncod in its orbit with respect to the line of apsides of
Jupiter by more than 140°, a change of direction which
entirely alters the conditions under which the disturbing
forces act. And in the case of an exterior disturbed by an
interior planet, the situation of the latter with respect to the
line of the apsides varies even more rapidly than the situation
of the exterior or disturbed planet with respect to the central
body. To such cases then the reasoning which we have
applied to the lunar perturbations becomes totally inappli-
cable

; and when we take into consideration also the excen-
tricity of the orbit of the disturbmg body, which in the most
important cases is exceedingly influential, the subject becomes
far too complicated for verbal explanation, and can only be
successfuUy foUowed out with the help of algebraic expression
and the application of the integral calculus. To Mercury,
Venus, and the earth indeed, as disturbed by Jupiter, and
planets superior to Jupiter, this objection to the reasoning in

f*
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question doca not apply ; and in each of thcBe cascB therefore

wo arc entitled to concludo that the apsides arc kept iii a Htuto

of progression by the action of all the larger planets of our

syBtem. Under certain conditions of distance, cxcontricity,

and relative situation of the axes of the orbits of the disturbed

and disturbing planets, it is perfectly possible that the reverse

may happen, an instance of which is afforded by Venus,

whoso apsides recede under the combined action of the earth

and Mercury more rapidly than they advance under the joint

actions of all the other planets. Nr-y, it is even posaible

under certain conditions that the lino of apsides of the dis-

turbed planet, instead of revolving always in one direction,

may libratc to and fro within assignable limits, and in a

definite and regularly recurring period of time.

695.) Under any conditions, hcwevc, as to these jmu--

ticulars, the view wo have above taken of the subject

enables ua to assign at every instant, and in evqry con-

figuration of the two planets, the momentary effect of eivch

upon the perihelion and excentricity of the other. In the

simplest caae,thnt in which the two orbits are so nearly circuliu*,

that the relative situation of their perihelia shall produce no

appreciable difference in the intensities of the disturbing

forces, it is very easy to show that whatever temporary

oscUlations to and fro in the pcfitiona of the line of apsides,

and whatever temporary increase and diminution in the

excentricity of either planet may take place, the final effect

on the average of a great multitude of revolutions, presenting

them to each other in all possible configurations, must be

nil, for both elements.

(696.) To show this, all that is necessary is to caat our

eyes on the synoptic table in art. 673. If M, the disturbing

body, be supposed to be successively placed in two diametri-

cally opposite situations in its orbit, the aphelion of P will

stand related to M in one of these situations precisely aa its

perihelion in the other. Now the orbits being so nearly

circles as siipposed, the distribution of the disturbing forces,

whether normal or tangential, is symmetrical relative to their

common diameter passing through M, or to the line of
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ByzyglcB. Tlcnco it follows that the half of P's orbit " about
perihelion" (art. 673.) will stand related to al! the acting
forces ill th<? one situation of M, precisely as tho half " about
aphelion" docs in tho other: and also, that the half of tho
orbit in wlilch P «' approaches S," stands related to them in
tho one situation prccinely as the half in which it " recedes
from S " in the other. Whether as regards, therefore, tho
normal or tangential force, tho conditions of advance or
recess of apsides, and of increase or diminution of excen-
tricitios, are reversed in the two supposed cases. Hence it

appears that whatever situation be assigned to M, and what-
ever influence it may exert on P In that situation, that
influence will bo annihilated in situations of M and P,
diametrically opposite to those supposed, and thus, on a general
average, the effect on both apsides and excentricitics is

reduced to nothinc.

(697.) If the orbits, however, be excentric, the symmetry
above insisted on in the distribution of tho forces does not
exist. But, in tho first place, it is evident that if the excentri-
citics be moderate, (as in the planetary orbits,) by far the
larger part of the effects of the disturbing forces destroys
itself in the manner described in the last article, and that it

is only a residual portion, viz. that which arises from the
greater proximity of the orbits at'one place than at another,
which can tend to produce permanent or secular effects. The
precise estimation of these effects is too complicated an affair

for us to enter upon ; but we may at least give some idea of
the process by which they are produced, and the order in which
they arise. In so doing, it is necessary to distinguish between
the effects of the normal and tangential forces. The effects

of the former are greatest at the point of conjunction of tho
planets, because the normal force itself is there always at its

maximum
; and although, where the conjunction takes place

at 90° from the Hhe of apsides, its effect to move tho apsides
is nullified by situation, and when in that lino its effect on
the excentricitics is similarly nullified, yet, in the situations
rectangular to these, it acts to its greatest advantage. On
the other hand, the tangential force vanishes at conjunctioi\.

I I
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whatever be the place of conjunction with respect to the line

of apsides, and where it is at its maximxun its effect is still

liable to be annulled by situation. Thus it appears that

the normal force is most influential, and mainly determines

the character of the general effect. It is, therefore, at con-

junction that the most influential effect is produced, and

therefore, on the long average, those conjunctions which

happen about the place where the orbits are nearest will

determine tho general character of the effect. Now, the

nearest points of approach of two ellipses which have a

common focus may be very variously situated with respect

to the perihelion of either. It may be at the perihelion or

the aphelion of the disturbed orbit, or in any intermediate

position. Suppose it to be at the perihelion. Then, if the

disturbed orbit be interior to the disturbing, the force acts

outwards, and therefore the apsides recede : if exterior, the

force acts inwards, and they advance. In neither case does

the excentricity change. If the conjunction take place at

the apheUon of the disturbed orbit, the effects will be re-

versed : if intermediate, the apsides will be less, and the

excentricity more affected.

(698.) Supposing only two planets, this process would go

on till the apsides and excej^tricities had so far changed as to

alter the point of nearest approach of the orbits so as either

to accelerate or retard and perhaps reverse the motion of the

apsides, and give to the variation of the excentricity a corre-

sponding periodical character. But there are many planets

all disturbing one another. And this gives rise to variations

in the points of nearest approach of all tbe orbits taken two

and two together, of a very complex nature.

(699.) It cannot fail to have been remarked, by any one

who has followed attentively the above reasonings, that

a close analogy subsists between two sets of relations ; viz.

that between the inclinations and nodes on the one hand, and

between the excentricity and apsides on the other. In fact,

the strict geometrical theories of the two cases present a

close analogy, and lead to final results of the very same

nature. What the variation of excentricity is to the motion

-"SMBl
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of the perihelion, the change of inclination is to the motion
of the node. In either case, the period of ihe one is also the
period of the other ; and while the perihelia describe consi-
derable angles by an oscillatory motion to and fro, or cir-

culate in immense periods of time round the entire circle,

the excentricities increase and decrease by comparatively
small changes, and are at length restored to their original

magnitudes. In the lunar orbit, aa the rapid rotation of the
nodes prevents the change of inclination from accumulating
to any material amount, so the still more rapid revolution of
its apogee effects a speedy compensation in the fluctuations

of its excentricity, and never suflFcrs them to go to any
material extent; while the same causes, b" presenting in

quick succession the lunar orbit in every possible situation to
all the disturbing forces, whether of the sun, the planets, or
the protuberant matter at the earth's equator, prevent any
secular accumulation of small changes, by which, in the lapse

of ages, its ellipticity might be materially increased or dimi-
nished. Accordingly, observation shows the mean excentri-

city of the moon's orbit to be the same now a^ in the earliest

ages of astronomy.

(700.) The movements of the perihelia, and variations of
excentricity of the planetary orbits, are interlased and com-
plicated together in the same manner and nearly by the same
laws as the variations of their nodes and inclinations. Each
acts upon every other, and every such mutual actwn gene-
rates its own peculiar period of circulation or compensation

;

and every such period, m pursuance of the principle of art.

650., is thence propagated throughout the system. Thus arise

cycles upon cycles, of whose compound duration some notion
may be formed, when we consider what is the length of one
such period in the case of the two principal planets— Jupiter
and Satmii. Neglecting the action of tiie rest, the effect of
their mutual attraction would be to produce a secular variar

tion in the excentricity of Saturn's orbit, from 0*084(19, its

maximum, to 0*01345, its minimum value: while that of
Jupiter would vary between the narrow limits, 0-06036 and
0"0'ii606

: the greatest excentricity of Jupiter corrcsjwnding
I I 2
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to the least of Saturn, and vice versd. The period in which

these changes are gone tlirough, would be 70414 years.

After this example, it will be easily conceived that many

millions of years will require to elapse before a complete

fulfilment of the joint cycle which shall restore the whole

system to its original state as far as the excentricities of its

orbits are concerned.

(701.) The place of the perihelion of a planet's orbit is of

little consequence to its well-being; but its excentricity is

most important, as upon this (the axes of the orbits being

permanent) depends the mean temperature of iU surface, and

the extreme variations to which its seasons may be liable.

For it may be easily shown that the mean annual amount of

light and heat received by a planet from the eun is, cceterit

paribu$, as the minor axis of the ellipse described by it. Any

variation, therefore, in the excentricity, by changing the minor

axis will alter the mean tcmiKsraturc of the surface. How
such a change will also influence the extremes of tempera-

ture appears from art 368. et teq. Now it may nnturnlly bo

bquired whether (in the vast cycle above spoken of, in which,

at some period or other, conspiring diangcs may accumulate

on the orbit of one planet from several quartere,) It may not

happen that the excentricity of any one planet— as tlic earth

— may become exorbitantly great, so as to subvert Ujoee

relations which render it habitable to man, or to give rise

to great changes, at least, in the physical <»mfort of Itis state.

To this the researches of geometers have enabled us to answer

the negative. A relation has been dcaonstratcd byin

Lagnmge between the masses, axca of the orbits, and cxcen-

tridties of each {danct, similar to what we have already

stated with respect to their inclinations, v««. that if the mast

of each planet be multiplied by the $yuare root rftfie axit of its

orbit, and the product by the square ofit$ exeenirieity, the sum

tfftM such products throuyhomt the system is imariabk s and

M, in pobt of fact, Urn sum is extremely small, so it will

always remain. Now, since the axes of the orbits are liable

to no secular changcn, this is equivalent to saying that no

MM orbit ahaU increase ilA excentricity, unless at tlic cxpcnso

a»>i».«"
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of a common fund, the whole amount of which is, and must
for ever remain, extremely minute.*

nl«*„„i?"li*
"°"""K '" ">;» 'e'^t'o". however, taken per ,e. to secure the .mailer

rl^^r.r'^' ,*'"'• •'""''• ^^"•"'' *«— from a JaTast ophe. cou d try"c-cumulate on themselve,, or any one of them, the whole amount of tl°",^c"wa„

a!^ 11: u i"'
""""^ "PP''"" '" «'« '"'"'"'tion fund of art. 639. These

JmJ..^be .t observed. c«, never get into debt. Every t^rm of them i, esscnS^
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CHAPTER XIV.

OF THE INEQUALniES INDEPENDENT OP THE EXCENTRICITIE8.

—

THE moon's variation AND PARALLACTIC INEQUALITY. ANA-

LOGOUS PLANETARY INEQUALITIES THREE CASES OF PLANETARY

PERTURBATION DISTINGUISHED.— OF INEQUALITIES DEPENDENT

ON THE EXCENTR1CITIE8.— LONG INEQUALITY OF JUPITER AND

SATURN.—LAW OF RPCIPROCITY BETWEEN THE PERIODICAL VA-

RIATIONS OF THE ELEMENTS OF BOTH PLANETS LONG INE-

QUALITY OF THE EARTH AND VENUS.—VARIATION OF THE EPOCH.

—INEQUALITIES INCIDENT ON THE EPOCH AFFECTING THE MEAN
MOTION. INTERPRETATION OP THE CONSTANT PART OF THESE'

INEQUALITIES. — ANNUAL EQUATION OF THE MOON.— HER SE-

CULAR ACCELERATION. — LUNAR INEQUALITIES DUE TO THE AC-

TION OF VENUS. EFFECT OF THE SPHEROIDAL FIGURE OP THE
EARTH AND OTHER PLANETS ON THE MOTIONS OF THEIR SATEL-

LITES. — OF THE TIDES.— MASSES OP DISTURBING BODIES DE-

DUCIBLE FROM THE PERTURBATIONS THEY PRODUCE. MASS OF

THE MOON, AND OF JBPITER'S SATELLITES, HOW ASCERTAINED.

PERTURBATIONS OF URANUS RESULTING IN THE DISCOVERY OF
NEPTUNE. — DETERMINATION OP THE ABSOLUTE MASS AND
DENSITY OF THE EARTH.

(702.) To calculate the actual place of a planet or the

moon, in lon^tude and latitude at any assigned time, it is

not enough to know the changes produced by perturbation

in the elements oPits orbit, still less to know the secular

changes so produced, which are only the outstanding or

uncompensated portions of much greater changes induced in

short periods of configuration. We must be enabled to

estimate the actual effect on its longitude of those periodical

accelerations and retardations in the rate of its mean angular

motion, and on its latitude of those deviations above and below

the mean plane of its orbit, which result from the continued

action of the pcrturbative forces, not as compensated in long

periods, but as in the act of their generation and destruction

mmitm iM
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in short ones. In this chapter we purpose to give an account
of some of the most prominent of the equations or inequalities

thence arising, several of which are of high historical interci't,

afl having become known by observation previous to the

discovery of their theoretical causes, and as having, by their

successive explanations from the theory of gravitation, re-

moved what were in some instances regarded as formidable

objections against that theory, and afforded in all most
satisfactory and i 'umphant verifications of it.

(703.) We shall begin with those which compensate them-
selves in a synodic revolution of the disturbed and disturbing

body, and which are independent of any permanent ex-

centricity of either orbit, going through their changes and
effecting their compensations in orbits slightly elliptic, almost

precisely aa if they were circular. These inequalities result,

in fact, from a circulation of the true upper focus of the

disturbed ellipse about its mean place in a ciurve whose
form and magnitude the principles laid down in the last

chapter enable us to assign in any proposed case. If the

disturbed orbit be circular, this mean place coincides with its

centre : if elliptic, with the situation of its upper focus, as

determined from the principles laid down in the last chapter.

(704.) To understand the natiure of this circulation, we
must consider the joint action of the two elements of the

disturbing force. Suppose H to be the place of the upper

aiK'^ji

focus, corresponding to any situation P of the disturbed body,
il4
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and let P P' be an infinitesimal clement of its orbit, dc-

Bcribed in an instant of time. Then supposing no disturbing

force to act, P P' will be a portion of an ellipse, having H for

its focus, equally whether the point P or P' be regarded.

But now let the disturbing forces act during the instant of

describinc P P'. Then the focus H will shift its position to

H' io find which point we must recollect, Ist. What is demon-

strated in art. (671.), viz. that the effect of the nonnal

force is to vary the position of the line P' H so as to make

the angle H P H' equal to double the variation of the angle

of tangency due to the action of that force, without altering

the distance P H : so that in virtue of the normal, force alone,

H would move to a point h, along the line H Q, drawn from

H to a point Q, 90" in advance of P, (because S H being

exceedingly small, the angle P H Q may be taken as a right

angle when P S Q is so,) H approaching Q if the nonnal

force act outwards, but receding from Q if inwards. And

similarly the effect of the tangential force (art. 670.) is to

vary the position ofH in the direction II P or P H, according

OS the force retards or accelerates P's motion. To find IP

then from H draw H P, H Q, to P and to a point of P'a

orbit 90° in advance of P. On H Q take H h, the motion

of the focus due to the normal forc(^ and on H P take H k the

motion due to the tangential force; complete the parallelogram

H H', and its diagonal H H' will be the element of the true

path of H in vurtue of the joint action of both forces.

(705.) The most conspicuous case in the planetary system

to which the above reasoning is applicable, is that of the

moon disturbed by the sun. The inequality thus arising

is known by the name of the moon's variation, and was dis-

covered so early as about the year 975 by the Arabian

astronomer Aboul Wefa.* Its magnitude (or the extent of

fluctuation to and fro in the moon's longitude which it pro-

duces) ;.s considerable, being no less than 1° 4', and it is

otherwise interesting as being the first inequality produced

by perturbation, which Newton succeeded in explaining by

* Sedillot, Nouvellet Recbeichgs pour servir & I'HUtoire de 1'Astrouomio cboz

les Aiubes.
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the theory of gravity. A good general idea of its nature

may be formed by considering the direct action of the

disturbing forces on the moon, supposed to move in a circular

orbit. In such an orbit undisturbed, the velocity would be

uniform ; but the tangential force acting to accelerate her

motion through the quadrants preceding her conjunction and

opposition, and to retard it through the alternate quadrants,

it is evident that the velocity will have two maxima and two

minima, the former at the syzygies, the latter at the quadra-

tures. Hence at the syzygies the velocity will exceed that

which corresponds to a circular orbit, and at quadratures will

fall short of it. The true orbit will therefore be less curved

or more flattened than a circle in syzygies, and more ciurved

(j. e, protuberant beyond a circle) in quadratures. This would

be the case even were the normal force not to act. But the

action of that force increases the effect in question, for at the

syzygies, and as far as 64° 14' on either side of them, it acts

outwards, or in counteraction of the earth's attraction, and

thereby prevents the orbit from being so much curved as it

otherwise would be ; while at quadratures, and for 25° 46' on
'

either side ofthem, it acts inwards, aiding the earth's attraction,

and rendering that portion of the orbit more curved than it

otherwise would be. Thus the joint action of both forces

distorts the orbit from a circle into a flattened or elliptic

form, having the longer axis in quadratures, and the shorter

in syzygies ; and in this orbit the moon moves faster than

with her mean velocity at syzygy (i. e. where she is nearest the

earth) and slower at quadratures where farthest. . Her an-

gular motion about the earth is therefore for both reasona

greater in the former than in the latter situation. Hence at

syzygy her true longitude seen from the earth will be in the

act of gaining on her mean,— in quadratures of losing, and

at some intermediate points (not very remote from the

octants) will neither be gaining nor losing. But at these

points, having been gaining or losing through the whole pre-

vious 90°, the amount of gain or loss will have attained its

maximum. Consequently at the octants the true longitude

will deviate most from the mean in excess and defect, and the

m
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inequality in question is therefore nil at syzygiea and qua-

dratures, and attains its maxima in advance or retardation at

the octants, wliich is agreeable to obseiration.

(706.) Let us, however, no.^r see what account can bo

rendered of this inequality by the simultaneous variations of

the axis and excentricity as above explained. The tangen-

tial force, as will be recollected, is nil at syzygies and quadra-

tures, and a maximum at the octants, accelerative in the

quadrants EA and D B, and retarding in AD and BE. In

the two foiiner then the axis is in process of lengthening ; in

the two latter, shortening. On the other hand the normal

force vanishes at (a, b, d, e) 64° 14' from the syzygies. It

acts outwards over eAa, bB d, and inwards over aDb and

rfEe. In virtue of the tangential force, then, the point H
moves towards P when P is in AD, BE, and from it

when in DB,E A, ilse r,i<.tion being nil when at A,B,D,E,
and most rapid when at the octant D, at which points,

therefore, (so far as this force is concerned,) the focus H
would have its mean situation. And in virtue of the normal

focus, the motion of H in the direction HQ will be at its

maximum of rapidity towards Q at A, or B, from Q at D or

E, and nil at a, b, d, e. It will assist us in following out

these indications to obtain a notion of the form of the curve

«!i *.-: - •^i_'\s^asaS'SJ-sss^s^i^s*f«ji
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really described by H, if we trace separately the paths which

H would pursue in virtue of either motion separately, since

Its true motion will necessarily result from the superposition

of these partial motions, because at every instant they are

at right angles to each other, and therefore cannot interfere.

First, then, it is evident, from what we have said of (he

tangential force, that when P is at A, H is for an instant at

rest, but that as P removes from A towards D, H continually

approaches P along their line of junction H P, which is,

therefore, at each instant a tangent to the path of H. When
P is in the octant, H is at its mean distance irom P (equal to

P S), and is then in the act of approaching P most rapidly.

From thence to the quadrature D the movement of H to-

wards P decreases in rapidity till the quadratiu-e is attained,

wlien H rests for an instant, and then begins to reverse its

motion, and travel from P at the same rate of progrecs as

before towards it. Thus it is clear that, in virtue of the

tangential force alone, H would describe a four-cusped

curve a, d, b, e, its direction of motion round S in this curve

being opposite to that of P, so that A and a, D and d, B and

h, E and e, shall be corresponding points.

(707.) Next as regards the normal force. When the

following out

1 of the curve moon is at A the motion of H is towards D, and m at its
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maximum of rapidity, but slackens tvs P proceeds towards D
and as Q proceeds towards B. To the curve described, II

Q

will be always a tangent, and since at the neutral point of

the normal force (or when P is 64° 14' from A, and Q 64"

14' from D), the motion of II is for an instant nil and is then

reversed, the curve will have a cusp at / corresponding, and

H will then begin to travel along the arc I m, while P de-

scribes the corresponding arc from neutral point to neutral

point through D. Arrived at the neutral point between D
and B, the motion of H along QH will be again arrested

and reversed, giving rise to another cusp at m, and so on.

Thus, in virtue of the normal force acting alone, the path of

H would be the four-cusped, elongated curve Imno, de-

scribed with a motion round S the reverse of P's, and having

a, d, b, e for points corresponding to A, B, D, E, places

of P.

(708.) Nothing is now easier than to superpose these mo-
tions. Supposing Hp Hj to be the points in either curve cor-

responding toP, we have nothing to do but to set from off S, SA
equal and parallel to S H, in the one curve and '"•om h, h H
equal and parallel to S Hj in the other. Let this be done

for every corresponding point in the two curves, and there

results an oval curve ad be, having for its semiaxcs Sa= Sa,

+ Saj ; and Sd= Srf, + Srfj. And this will be the true path

of the upper focus, the points a, d, b, e, corresponding to

A, D, B, E, places of P. And from this it follows, let,

that at A, B, the eyzygies, the moon is in perigee in her mo-
mentary ellipse, the lower focus being nearer than the upper.

2dly, That in quadraturco D, E, the moon is in apogee in her

then momentary ellipse, the upper focus being then nearer
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the contrary way to P in its orbit, making a complete revo-
lution from syzygy to syzygy in one synodic revolution of
the moon.

(709.) Taking 1 for the moon's mean distance from the
earth, suppose wo represent Sa, or Srf, (for they are equal)
by 2a, Saj by 2b, and Srfj by 2c, then will the semiaxcs
of the oval ad be, Sa and Sd be respectively 2a + 2h and
2a + 2c, so that the excentricitios of the momentary ellipses

at A and D will be respectively a + A and a + c. The total
amount of the effect of the tangential force on the aa-is, in
passing from syzygy to quadrature, will evidently be equal
to the length of the curvilinear arc n^ rf, (/y, art. 708,),
which is necessarily leas than Sa, + Srf, or 4a. Therefore tho
total effect on the semiaxis or distance of the moon is less than
2a, and the excess and defect of the greatest and least values
of this distance thus varied above and below the mean value
S A= 1 (which call «) will bo less than a. The moon then
i.s m' ving at A in the perigee of an ellipse whose semiaxis is

1 +« and cxcentricity a + i, so that its actual distance from
the earth there is 1 +a~a-i, which (because a is less than
a) is less than 1-^. Again, at D it is moving in apogee of
an ellipse whose semiaxis is 1 — « and cxcentricity a + c, so
that its distance then from the earth is l_« + a + c, which
(a being greater than «) is greater than 1+c, the latter
distance exceeding the former by 2a — 2a + i + c.

(710.) Let us next consider the corresponding changes in-
duced upon the angular velocity. Now it is a law of elliptic

motion that at different points of differentellipses, each differ-

in^r very little from a circle, the angular velocities are to each
other as the square roots of the semiaxes directly, ixnd as the
squares of the distances inversely. In this case the semiaxes
at A and D are to each other as 1 +« to 1 — «, or as 1 : 1

- 2«, so that their square roots are to each other as 1 : 1 — «.

Again, the distances being to eachother asl +«—a— i : 1—
« + a + c, the inverse ratio of their squares (since a, a, b, c,

are all very small quantities) is that of 1 — 2« + 2a + 2c : 1 +
2«~2a-2A, or as I : l~4«-4a-2i-2e. The angular
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velooitiea then are 'to each other in a ratio compounded of

these two proi^rtiona, that is in the ratio of

1 : l + 3«-4a-2A-2c,
which is evidently that of a greater to u leas quantity. It ia

obviouB also, from the constitution of the second term of tins

ratio, that the normal force is far more influential in pro-

ducing this result than the tangential.

(711.) In the foregoing reasoning the sun has been re-

garded as fixed. Lot us now suppose it in motion (in a

circular orbit), then it is evident that at equal angles of

elongation (of P front M seen from S), equal disturbing

forces, both tangential iind normal, will act : only the syzygiea

and quadratures, as well as the neutral points of the normal

force, instead of being points fixed in longitude on the orbit

of the moon, will advance on that orbit with a uniform angular

motion equal to the angular motion of the sun. The cus-

pidated curves a, d,i,e, and a-id-tb^e^, Jig. art. 708., will,

therefore, no longer be re-entering curves ; but each will

have its cusps screwed round as it were in the direction of

tlie sun's motion, so as to increase the angles between them

in the ratio of the eynodical to the sidereal revolution of the

moon (art. 418.). And H, in like manner, the motions in

these two curves, thus separately described by H, be com-

pounded, the resulting mirve, though still (loosely speaking) a

species of oval, will not return into itself, but will make

Bucccssive spiroidal convolutions about S, its farthest and

nearest points being in the same ratio more than 90° asunder.

And to this movei lent that of the luoon herself will confonn,

describing a species of elliptic spiroid, having its leaat dis-

tances p'ways in the I'ne of syzygies and its greatest in that

of quafi -atures. It it< evident ilso, thn ving to the longer

contiiiuid action of both forces, i.e. > ,ving to le greater

arc over which their intensities increase and decrease by

equal steps, the bianchee of each curve between the cusps

will be longer, and the cusps themselves will be more remote

from S, and in thi- same degree will the dimensions of the

resulting oval be enlarged, and with them the > mount of the

inequality in the moon's motion which they represent.
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(712.) In the above reasoning '.ho sun's distajico is su])-

poBcd so great, that the disturbing forces in the senn-orbit
nooror to it shall not sensibly differ from those in the more
remote. The sun, however, is actually nearer to the moon
in conjunction than in opivosition by about one two-hundredth
part of its whole distance, and this suffices to give rise to a
very sensible inequality (called the parallactic: inequality)

in the lunar motions, atnouncing to about 2' in its effect on
the moon's longitude, and having for its period one synodical

revolution or one lunation. As this inequality, though
subordinate in the case of the moon to the great inequality

of the variation with which it stands in connexion, becomes
a prominent feature in the system of inequalities correspond-

ing to it in the planetary perturbations (by reason of the

very great variations of their distances from conjunction to

opposition), it will be necessary to indicate what modifica-

tions this consideration will introduce into the forms of our
focus curves, and of their superposed oval. Kccurring then
to our figures in art. 706, 707., and supposing the moon to set

out from E, and the upper focus, in each curve from e, it is

evident that the intercuspidal arcs ea, ad, in the one, and
ep, pal. Id, in the other, being described under the influence

of more powerful forces, will be greater than the arcs db,

be, and dm, mbn, « e r rrosponding u the other half revo-

' f

hition. The two extremities of these curves then, the initiul

and terminal places of c in each, will not meet, anc^ the same
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conclusion will hold respecting those of the compound oval

in which the focus really revolves, which will, therefore, be

as in the annexed figure. Thus, at the end of a complete

lunation, the focus will have shifted its place from e lo ^ in a

line parallel to the line of quadratures. The next revolution,

and the next, the same thing would happen. Meanwhile,

however, the sun has advanced in its orbit, and the line of

quadratures has changed. its situation by an equal angular

motion. In consequence, the next terminal situation (^7) of

the forces will not lie in the line ef prolonged, but in a line

parallel to the new situation of the line of quadratures, and

this process continuing, will evidently give rise to a move-

ment of circulation of the point <?, round a mean situation in

an annual period; and this, it is evident, is equivalent to

an annual circulation of the central point of the compound

oval itself, in a small orbit about its mean position S. Thus

we see that no permanent and indefinite increase of excen-

tricity can arise from this cause ; which would be the case,

however, but for the annual motion of the sun.

(?13.) Inequalities precisely similar in principle to the

variation and parallactic inequality of the moon, though

greatly modified by the different relations of the dimensions

of the orbits, prevail in all cases where planet disturbs planet.

To what extent this modification is carried will be evident,

if we cast our eyes on the examplesgiven in art. 612., where

it will be seen that the disturbing force in conjunction often

exceeds that in opposition in a very high ratio, (being in the

case of Neptune disturbing Uranus more than ten times as

great). The effect will be, that the orbit described by the

center of the compound oval about S, will be much greater

relatively to the dimensions of that oval itself, than in the

case of the moon. Bearing in mind the nature and import

of this modification, we may proceed to ^enquire, apart from

it, into the number and distribution of the undulations in the

contour of the oval itself arising from the alternations of di-

rection -plus and minus of the disturbing forces in the course of

a synodic revolution. But first it should be mentioned thar,

in the case of an exterior disturbed by an interior planer.
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the disturbing body's angular motion exceeds that of the dis-
turbed. Hence P, though advancing in its crbit, recedes
relatively to the line of syzygies, or, which comes to the same
thing, the neutral points of either force overtake it in suc-
cession, and each, as it comes up to it, gives rise to a cusp in
the corresponding/ocu5 curve. The angles between the suc-
cessive cusps will therefore be to the angles between the cor-
responding neutral points for a fixed position of M, in the
same constant ratio of the synodic to the sidereal period of P,
which however is now a ratio of less inequality. These
angles then will be contracted in amplitude, and, for the same
reason as before, the excursions of the focus will be dimi-
nished, and the more so the shorter the synodic revolution.

(714.) Since the cusps of either curve recur, in successive
synodic revolutions in the same order, and at the same
angular distances from each other, and from the line of con-
junction, the same will be true of all the corresponding points
in the curve resulting from their superposition. In that
curve, every cusp, of either constituent, will give rise to
a convexity, and every intercuspidal arc to a relative con-
cavity. It is evident then that the compound curve or
true path of the focus so resulting, but for the cause above
mentioned, ,would return into itself, whenever the periodic
times of the disturbing and disturbed bodies are com-
mensurate, because in that case the synodic period will also

be commensurate with either, and the arc of longitude

intercepted between the sidereal place of any one conjunction,
and that next following it, will be an aliquot part of 360°.

KK
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In all other casca it would be a non-recntcring, more or Icaa

undulating and more or lew regular, apiroid, according to the

number of cuaps in each of the conatituent curvca (that ia to

say, according to the number of neutral pointa or clmngea of

direction from inwanh to outwards, or from accelerating to

retar^ng, and vice verseh of the normal and tangential forcca,)

in a complete aynodic revolution, and their distribution over

the circumference.

(715.) With regard to theae changca, it ia necessary to

distinguish three cases, in which the perturbations of pknet

by planet are very distinct in character. Ist. When tho

disturbing planet is exterior. In this case there are four

neutral points of either force. Those of the tangential force

occur at the syzygies, and at the points of the disturbed orbit

(which wc shall call points of equidistance), equidistant from

the sun and the disturbing plimet (at which [mints, as wo

have shown (art. 614.), the total disturbing force is always

directed inwards towards the sun). Those of the normal

force occur at points intermediate between these last men-

tioned points, and the syzygies, which, if the disturbing planet

be very distant, hold nearly the situation they do in tlie lunar

theory, i. e. considerably nearer the quadratures than tho

syzygies. In proportion as .the distance of the disturbing

planet diminishes, two of these points, viz. those nearest tho

syzygy, approach to each other, and to the syzygy, and in

the extreme case, when the dimensions of the orbits are equal,

coincide with it.

(716.) The second case is that in which the disturbing

planet is interior to the disturbed, but at a distance from the

sun greater than half that of the latter. In this case there

are four neutral points of the tangential force, and only two

of the normal. Those of the tangential force occur at the

syzygies, and at the points of equidistarce. The force retards

the disturbed body from conjunction to the first such points

after conjunction, accelerates it thence to the opposition,

thence again retards it to the next point of equidistance,

and finally again accelerates it up to the conjunction. As

the disturbing orbit contracts in dimension the points of equi-
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distance approach ; their distance from syzygy from 60° (tho
cxti^mc case) diminishing to nothing, when they coincide with
each other, and with the conjunction. In the case of Saturn
disturbed by Jupiter, that distance is only 23° 33'. The
neutral jjoints of the normal force lie somewhtt beyond the
quadratures, on the side of the opposition, and do not undergo
any very material cliange of situation with the contraction
of the disturbing orbit.

(717.) The tliird case is that in which tho diameter of tho
disturbing interlcr orbit is less than half that of the disturbed.
In this case there are only two points of evanescence for
either force. Those of the tangential force are the syzygies.

The disturbed planet is accelerated throughout the whole
semi-revolution from conjunction to op^iosition, and retarded
from opposition to conjunction, the maxima of acceleration
and retardation occurring not far from quadrature. Tho
r »«1 points of tlie normal force are situated nearly as in
t- - Utii case ; that is to say, beyond the quadratures towards
the opposition. All these varieties the student will easily

trace out by simply drawing the figure?, and resolving the
forcijs in a series of cases, beginning with a very large and
ending with a very small diameter of the disturbing orbit.

It will greatly aid hun in impressing on his imagination the
general relations of the subject, if he construct, as he proceeds.

for each case, the elegant and symmetrical ovals in wliich tho
points N and L (^ff. art 675.) always lie, for a fixed position

KK 3
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of M, and of which the annexed figure expresses the forma

they respectively assume in the third case now under cbnsi-

deration. The second only differs from this, iu having the

common vertex m of both ovals outside of the disturbed orbit

A P, while in the case of an exterior disturbing planet the

oval m L assumes a four-lobed form ; its lobes respectively

touching the oval m N in its vertices, and cutting the orbit

A P in the points of equidistance and of tangency, (i. e. where

M P S is a right angle) as in this figure.

(718.) It would be easy now, bearing these features in mind,

to trace in any proposed case +he form of the spiroid curve,

described, as above explained, by the upper focus. It will

suffice, however, for oui" present purpose to remark, 1st, That

between every two successive conjunctions of P and M the

same general form, the same subordinate undulations, and the

same terminal displacement of the upper focus are continually

repeated. 2dly, That the motion of the focus in this curve

is retrograde whenever the disturbing planet is exterior, and

that in consequence the apsides of the momentary ellipse also

recede, with a mean velocity such as, but for that dis-

placement, would bring them round at each conjunction to

the same relative situation with respect to the line of syzygies.

3dly, That in consequence of this retrograde movement of the

apse, the disturbed planet, apart from that consideration,

would be twice in perihelio and twice in aphelio in its

momentary ellipse in each synodic revolution, just aa in the

case of the moon disturbed by the sun— and that in

consequence of this and of the undulating movement of

the focus H itself, an inequaUty will arise, analogous,
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mutatis mutandis in each case, to the moon's variation, under
which term we comprehend (not exactly in conformity to its

strict technical meaning in the lunar theory) not only the
principal inequality thus arising, but all its subordinate fluc-
tuations. And on this the parallactic inequality thus violently
exaggerated is superposed.

(719.) We come now to the claso of inequalities wffich
depend for their existence on an appretiuble amount of per-
manent excentricity in the orbit of one or of both the dis-
turbing and disturbed planets, in consequence of which all

their conjunctions do not take place at equal distances either
from the centnJ body or from each other, and therefore that
symmetry in every synodic revolution on which depends the
exact restoration of both the axis and excentricity to their
original values at the completion of each such revolution no
longer subsists. In passing from conjunction to conjunction,
then, there will no longer be effected either a complete re-
storation of the upper focus to the same relative situation, or
of the axis to the same length v/hich they respectively had at
the outset. At the sam time it is not less evident that the
differences in both respects are only what remain outstanding
after the compensation of by far the greater part of the de-
viations to-and fro from a mnan state which occur in the course
of the revolution ; and that they amount to but small fractions

of the total excursions of the focus from its first position, or
of the increase and decrease in the length of the axis effected

by the direct action of the tangential force,— so small, indeed,
that, unless owing to peculiar adjustments they be enabled
to accumulate again and again at successive conjunctions in
the same direction, they would be altogether undeserving of
any especial notice in a work of this nature. Such adjust-

menta, however, would evidently exist if the periodic times
of the planeta were exactly commensurable ; smce in that case
all the possible conjunctions which could ever happen (the
elements not being materially changed) would take place at
fixed points in longitude, the intermediate points being never
visited by a conjunction. 2fow, of the conjunctions thua
distributed, their relations to the lines of symmetry in the

K K 3
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orbits being all dissimilar, some one must be more influential

than the rest on each of the elements (not necessarily the

same upon alf). Consequently, in a complete cycle of con-

junctions, wherein each has been visited in its turn, the

influence of that one on the element to which it stands so

especially related will preponderate over the counteracting

an# compensating influence of the rest, and thus, although

in such a cycle as above specified, a further and much more

exact compensation will have been effected in its value than

in a single revolution; still that compensation will not be

complete, but a portion of the effect (be it to increase or to

diminish the excentricity or the axis, or to cause the apse

to advance or to recede,) will remain outstanding. In the

next cycle of the same kind this will be repeated, and the

result will be of the same character, and so on, till at length

a sensible and ultimately a large amount of change shall have

taken place, and in fact until the axis (and with it the mean

motion) shall have so altered as to destroy the commensura-

bility of periods, and the apsides have so shifted as to alter

the place of the most influential conjunction.

(720.) Now, although it is true that the mean motions of

no two planets are exactly commensurate, yet cases are not

wanting in which there exists an approach to this adjustment.

For instance, in the case of Jupiter and Saturn, a cycle

composed of five periods of Jupiter and two of Saturn,

although it does not exactly bring about the same configuration,

does so pretty nearly. Five periods of Jupiter are 21663

days, and two periods of Saturn, 21519 days. The difference

is only 146 days, in which Jupiter describes, on an average,

12°, and Satuiu about 5° ; so that after the lapse of the

former interval they will only be 7° from a conjunction in

the same parts of their orbits as before. If we calculate the

time which will exactly bring about, on the average, three

conjunctions of the two planets, we shall find it to be 21760

days, their synodical period being 7253'4 days. In this

interval Saturn will have described 8° 6' in excess of two

sidereal revolutions, and Jupiter the same angle in excess of

five. Every third conjunction, then, will take place 8° 6' in

«>*^.-, ^Bfftj"«»>«lii liwiiw
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advance of the preceding, which is near enough to establish,

not, it is true, an identity with, but still a great approach to

the case in question. The excess of action, for several such

triple conjunctions (7 or 8) in succession, will lie the same
way, and at each of them the elements of P's orbit and its

angular motion will be similarly influenced, so as to accumu-
late the effect upon its longitude ; thus giving rise to an
irregularity of considerable magnitude and very long |v viod,

which is well known to astronomers by the name of the great

inequality of Jupiter and Saturn.

(721.) The arc 8° 6' is contained 44^ times in the whole
circumference of 360°; and accordingly, if we trace round

this particular conjunction, we shall find it will return to the

same point of the orbit in so many times 21760 days, or in

2648 years. But the conjunction we are now considering is

only one out of three. The other two will happen at points

of the orbit about 123° and 246° distant, and these points also

will advance bj the same arc of 8° 6' in 21760 days. Con-
sequently the period of 2648 years will bring them all round,

and in that interval each of tKem will pass tlu-ough that point

of the t^vo orbits irom which we commenced : hence a con-

Junction (one or other of the three) will happen at that point

once in one third of this period, or in 883 years ; and this is,

therefore, the cycle in which the " great inequality " would
undergo its full compensation, did the elements of the orbits

continue all that time invariable. Their variation, however,

is considerable in so long an interval ; and, owing to this

cause, the period itself is prolonged to about 918 years.

(722.) "We have selected this inequality as the most remark-

able instance of this kind of action on account of its magnitude,

the length of its period, and its high historical interest. It

had long been remarked by astronomers, that on comparing

together modem with ancient observations of Jupiter and

Saturn, the mean motions of these planets did not appear to

be uniform. The period of Saturn, for instance, appeared to

have been lengthening throughout the whole of the seven-

teenth century, and that of Jupiter shortening— that is to

say, the one planet was constantly lagging behind, and tho
K K 4
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other getting in advance of its calculated place. On the other

hand, in the eighteenth century, a process precisely the reverse

seemed to be going on. It is true the whole retartlations

and accelerations observed were not very great ; but, aa their

influence went on accumulating, they produced, at length,

material differences between the observed and calculated

places of both those planets, which as they could not then be

accounted for by any theory, excited a high degree of attention,

and were even, at one time, too hastily regarded as almost

subversive of the Newtonian doctrine of gravity. For a long

while this difference baffled every endeavour to account for

it ; till at length LapluJe pointed out its cause in the near

commcnsurability of the mean motions, aa above shown, and

succeeded in calculating its period and amount.

(723.) The inequality in question amounts, at its maximum,

to an alternate gain and loss of about 0° 49' in the longitude

of Saturn, and a corresponding loss and gain of about 0° 21'

in that of Jupiter. That an acceleration in the one planet

must necessarily be accompanied by a retardation in the other,

might appear at first sight self-evident, if we consider, that

action and reaction being equal, and in contrary directions,

whatever momentum Jupiter communicates to Saturn in the

du-ection P M, the same momentum must Saturn communicate

to Jupiter in the direction M P. The one, therefore, it might

seem to be plausibly argued, will be dragged forward,

whenever the other is pulled back in its orbit. The inference

is correct, so far as the general andfinal result goes ; but the

reasoning by which it would, on the first glance, appear to be

thus summarily established is fallacious, or at least incomplete.

It is perfectly true that whatever momentum Jupiter com-

municates directly to Sattirn, Saturn commimicates an equal

momenttun to Jupiter in an opposite linear direction. But it

ie not with the absolute motions of the two planets in space

that we are now concerned, but with the relative motion of

each separately, with respect to the sun regarded as at rest.

The perturbative forces (the forces which disturb these relative

motions) do not act along the line of junction of the planets

(art. 614.). In the reasoning thus objected to, the attraction
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, the attraction

of each on the sun has been left out of the account *, and it

rciuaina to be shown that these attractions neutralize and

destroy each other's effects in considerable periods of time,

as bearing upon the result in question. Suppose then that

we for a moment abandon the point of view, in which we
have hitherto all along considered the subject, and regard the

sun as free to move, and liable to be displaced by the attrac-

tions of the two planets. Then will the movements of all bo

performed about the common center of gravity, just as they

would have been about the sun's center regarded as immo-

veable, the sun all the while circuHting in a small orbit (with

u motion compounded of the twj elliptic motions it would

have in virtue of their separate attractions) about the same

center. Now in this case M still disturbs P, and P, M, but

the whole disturbing force now acts along their line ofjunction,

and since it remains time that whatever momentum M gene-

rates in P, P will generate the same in M in a contrary

direction ; it will also be strictly true that, so far as a disturl)-

ance of their elliptic motions about the common center of

gravity of the system is alone regarded, whatever disturbance

of velocity is generated in the one, a contrary disturbance of

velocity (only in the inverse ratio of the masses and modified,

though never contradicted, by the directions in which they

are respectively moving), will be generated in the other.

Now when we are considering only inequalities of long period

comprehending many complete revolutions of both planets,

and which arise from changes in the axes of the orbits,

affecting their mean motions, it matters not whether we
suppose these motions performed about the common center

of gravity, or about the sun, which never departs from

that center to any material extent (the mass of the sun

being such in comparison with that of the planets, that

that center always lies within his surface). The mean motion

* We are here reading a sort of recantat'ion. In the edition ot 1853 the
remarkable result in question it sought to be established by this vicious reason-

ing. The mistake is a very natural one, and is so apt to haunt the ideas of
beginners in this department of physics, that it is worth while expressly to worn
them against it.
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therefore, regarded as the average angular velocity during a

revolution, is the Bamo whether estimated by reference to the

sun's center, or to the center of gravity, or, in other words,

the relative mean niotion referred to the sun is identical witli

the absolute mean motion referred to the center of gravity.

(724,) This reasoning applies equally to every case of

muttial disturbance resulting in a long inequality such as may

arise from a slow and long-continued periodical increase and

diminution of the axes, and geometers have accordingly

demonstrated as a consequence from it, that the proportion

in which such inciiualities affect the longitudes of the two

planets concerned, or the maxima of the excesses and defects

of their longitudes nbove and below their elliptic values,

thence arising, in each, are to each other in the inverse ratio

of their masses multiplied by the square i-oots of the major

axes of their orbits, and this result is confirmed by observ-

ation, and will be found verified in the instance immediately

in question as nearly as the uncertainty still subsisting as to

the masses of the two planets will permit.

(725.) The inequality in question, as has been observed in

general, (art. 718.) would be much greater, were it not for the

partial compensation which is operated in it in every triple

conjunction of the planets. Suppose

P Q R to be Saturn's orbit, and

pqr Jupiter's; and suppose a con-

junction to take place at P/?, oii the

line S A; a second at 123° distance.

on the line S B ; a tliird at 246° dis-

tance, on S C ; and the next at 368°,

on SD. This last-mentioned con-

junction, taking place nearly in the

situation of the first, will produce

nearly a repetition of the first effect in retarding or accelerating

the planets; but the other two, being in the most remote

situations possible from the first, will happen under entirely

different c-TCumstances as to the position of the perihelia of

the orbits. Now, we have seen that a presentation of the one

planet to the other in conjunction, in a variety of situations,

iUiiwiMi*w»Mii»wHwi»iiiitiw mnnimnn
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tends to produce compensation ; and, in fact, the greatest

piMsiblc amount of compensation which can be protluced by
only three conjunctions is when they arc thus equally dis-

tributed round the center. Hence wo see that it is not the

whole amount of perturbation which is thus accumulated in

each triple conjunction, but only that small part which is left

uncompensated by the intermediate ones. The reader, who
possesses already some acquaintance with the subject, will

not be at a loss to perceive how this consideration is, in fact,

equivalent to that part of the geometrical investigation of this

inequality which leiuls us to seek its expression in terms of
the third order, or involving the cubes and products of three

dimensions of the excontricities and inclinations; and how
the continual accumulation of small quantities, during long
periods, corresponds to what geometers intend when they
speak of small terms receiving great accessions of magnitude
by the introduction of large coefficients in the process of
integration.

(726.) Similar considerations apply to every case of aj)-

proximate commensurability which can take place among the

mean motions of any two planets. Such, for instance, is that
which obtains between the mean motion of the earth and
Venus,— 13 time, the period of Venus being very nearly
equal to 8 times chat of the earth. This gives rise to an ex-
tremely near coincidence of every fifth conjunction, in the
same parts of each orbit (within j^^th part of a circum-
ference), and therefore to a correspondingly extensive accu-
mulation of the resulting uncompensated perturbation. But,
on the other hand, the part of the perturbation thus accu-
mulated is only that which remains outstanding after passing
the equalizing ordeal of five conjunction equally distributed
round the cmile ; or, in the language of geometers, is de-
pendent on powers and products of the excentricities and
inclinations of the fifth order. It is, therefore, extremely
minute, and the whole resulting inequality, according to the
elaborate' calculations of Mr. Airy, to whom it owes its de-
tection, amounts to no more than a few seconds at 'ts maximum,
while its period is no less than 240 years. This example will
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•ervo lo show to what ininutcncsa these cnquhies have boon

carried in the planetary theory.

(727.) That variationa of long period arising in the way

above described are necessarily accompanied by siiiiiliirly

Ijcriodical displacements of the upper focus, equivalent in their

effect to periodical fluctuations in the magnitude of the

oxcentricity, and in the position of the line of apsides, is

evident from what has been already said respecting the motion

of the upper focus under the influence of the disturbing forccB.

In the case of circular orbits the mean place of II coincides

with S the center of the sun, but if the orbits have any inde-

pendent cUipticity, this coincidence will no longer exist— and

the mean place of the upper focus will come to be inferred

from the average of all the situations which it actually holds

during an entire revolution. Now the fixity of this point

depends on the equality of each of the branches of the cus-

pidated curves, and consequent equality of excursion of

the focus in each particular direction, in every successive

Bituation of the line of conjunction. But if there be some

one line of conjunction in which these excursions arc greater

in any one particular direction than in another, the mean

place of the focus will be displaced, and if this process be re-

peated, that mean place will continue to deviate more and

more from its original position, and thus will arise a circu-

lation of the mean place of the focus for a revolution about

finother mean situation, the average of all the former mean

places during a complete cycle of conjunctions. Supposing

S to be the smi, O the situation the upper focus would have,

had these mequalities no existence, and H K the path of the

upper focus, which it pursues about O by reason of them,

then it is evident that in the course of a complete cycle of

the inequality in question, the excentricity will have fluc-

tuated between the extreme limits S J and S I and the di-

rection of the longer axis between the extreme position S H
and S K, and that if we suppose ij h k to be the corresponding

mean places of the focus, ij will be the extent of the fluctu-

ation of the mean excentricity, and the angle hsk, that of the

longibudd of the perigee.

K ^ Ml 'liBWWIWlilil ilWt .
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(728.) Tho periodn then in which these fluctuations go
through their phnsc ,; iiCesaarily equal in duration with

that of the inequal" ) m loi'g ude, with which they stand in

connection. But i I; no n nn follows that their maxinm
all coincide. Tho vs^Halion o* the axis to which that of tho

mean motion correspon depends on the tangential force <.,ily

whoso maximum is not at conjunction or opposition, but at

points remote from cither, whi!3 the excentrieity depends

both on the normal and tangential forces, the maximum of the

former of which ia at the conjunction. That particular con-

junction therefore, which ia most influential on the axis, is

not so on tho excentrieity, so tl.ut it can by no means be
concluded that either the maximum value of the axis coincidee

with tho maximum, or the minimum of tho excentrieity, or

with the greatest excursion to or fro of tho line of apsides

from its mean situation, all that can bo safely asserted is, that

as either the axis or the excentrieity 4)f the one orbit varies,

that of the other will vary in the opposite direction.

(729.) The primary elements of the lunar and planetary

orbits, which may be regarded as vai-iable, arc the 1: ngitude

of the node, the inclination, the axis, excentrieity, longitude

of the perihelion, and epoch (art. 496.). In the foregoing

articles we have shown in what manner each of the first five

of these elements are made to vary, by the direct action of

the perturbing forces. It remains to explain in what manner
the last comes to be affected by them. And here it ia neces-

Bfiry, in the first instance, to remove some degree of obscurity

u>ni»iiiiu»]|»iuii ^
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which may be thought to hang about the sense in which the

term itself is to be understood in speaking of an orbit, every

other element of arhich is regarded as in a continual state of

variation. Supposing, then, that we were to reverse the pro-

cess of calculation described in arts. 499. and 500. by which a

planet's heliocentric longitude in an elliptic orbit is computed

for a given time ; and setting out with a heliocentric longitude

ascertained by observation, all the other elements being known,

we were to calculate either what mean longitude the planet

had at a given epochal time, or, which would come to the same

thing, at what moment of time (thenceforward to be assumed

as an epoch) it had a given mean longitude. It is evident

that by this means the epoch, if not otherwise known, would

become known, whether we consider it as the moment of time

corresponding to a convenient mean longitude, or aa the mean
longitude corresponding to a convenient time. The latter way
of considering it has some advantages in respect of general

convenience, and astronomers are in agreement in employing,

as an element under the title " Epoch of the mean longitude,"

the mean longitude of the planet so computed for a fixed date ;

as, for instance, the commencement of the year 1800, mean
time at a given place. Supposing now all the elements of the

orbit invariable, if we were to go through this reverse process,

and thus ascertain the epoch (so defined) from any number ^r

different perfectly correct heliocentric longitudes, it is clear

we should al, -'.ya come to the same result. One and the

same " epoch " would come out from all the calculations.

(730.) Considering <then the "epoch" in this light, as

merely a result of this reversed process of calculation, and not

as the direct result of an observation instituted for the pur-

pose at the precise epochal moment of time, (which would be,

generally speaking, impracticable,) it might be conceived

subject to variation in two distinct ways, viz. dependently

and independently. Dependently it must vary, as a necessary

consequence of "tbe variation of the other elements ; because,

if setting out from one and the same observed heliocentric

longii" "le of the planet, we calculate back to the epoch with

two different sets of intermediate elements, the one aet con"

1
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sisting of those which it had immediately before its arrival at

that longitude, che other that which it takes up immediately

after (i. e. with an unvaried and a varied system), we cannot

(unless by singular accident of mutual counteraction) arrive

at the same result ; and the difference of the resTilts is evi-

dently the variation of the epoch. On the other hand, how-
ever, it cannot vary independently ; for since this is the only

mode in which the unvaried and varied epochs can become

known, and as both result from direct processe- of calculation

involving only given data, the results can only differ by
reason of the difference of those data. Or we may argue

thus. The change in the path of the planet, and its place in

that path so changed, at any future time (supposing it to

undergo no further variation), are entirely o 'ng to the change

in its velocity and direction, produced by the disturbing

forces at the point of disturbance ; now these latter changes

(as we have above seen) are completely represented by the

momentary change in the situation of the upper focus, taken

in combination with the momentary variation in the plane of

the orbit ; and these therefore express the total effect of the

disturbing forces. There is, therefore, no direct and specific

action on the epoch as an independent variable. It is simply

left to accommodate itself to the altered state of things in the

mode already indicated.

(731.) Nevertheless, should the effects of perturbation by
inducing changes on these other elements affect the mean lon-

gitude of the planet in any other way than can be considered

as properly taken account of, by the varied periodic time due

to a change of axis, such effects must be regarded as incident

on the epoch. This is the case with a very curious class of

perturbations which we are now to consider, and which have

their origin in an alteration of the average distance at which

the disturbed body is found at every instant of a complete

revolution, distinct from, and not brought about by the

variation of the major semi-axis, or momentary " mean dis-

tance" which is an imaginary magnitude, to be carefully dis-

tinguished from the average of the actual distances now
contemplated. Perturbations of this class (Uke the moon's

MMMMMlMHMiaiMMMMM^
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variation, with wMch they are intimately connected) are in-

dependent on the excentricity of the disturbed orbit ; for which

reason we shall simplify our treatment of this part of the sub-

ject, by supposing that orbit to have no permanent excen-

tricity, the upper focus in its successive displacements merely

revolving about a mean position coincident with the lower.

We shall alpo suppose M very distant, as in the lunar theory.

(732.) Eeferring to what is s£ud in arts. 706. and 707., and

to the figures accompanying those articles, and considering

first the effect of the tangential force, we see that besides the

effect of that force in changing the length of the axis, and

consequently the periodic time, it causes the upper focus H to

describe, in each revolution of P, a four-cusped curve, a, d,b,e,

about S, all whose intercuspidal arcs are sunilar and equal.

This sujiiposesM fixed, and at an invariable distance,— suppo-

sitions which simpUfy the relations of the subject, and (as we

shall afterwards show) do not affect the general nature of the

conclusions to be drawn. In virtue,, then, of the excentricity

thus given rise to, P will be at the perigee of its momentary

ellipse at syzygies and in its apogee at quadratures. Apart,

therefore, from the change arising from the variation of axis,

the distance of P from S will be less at syzygies, and greater

at quadratures, than in the original circle. But the averago

of all the distances during a whole revolution will be un-

altered ; because the distances of a, d, b, e from S being

equal, and the arcs symmetrical, the approach in and about

perigee will be equal to the recess in and about apogee. And,

in like manner, the effect of the changes going on in the

length of the axis itself, on the average in question, is nil,

because the alternate increases and decreases of that length

balance each other in a complete revolution. Thus we see

that the tangential force is excluded from all influence in pro-

ducing the class of perturbations now under consideration.

(733.) It is otherwise with respect to the normal force. In

virtue of the action of that force the upper focus describes, in

each revolution of P, the four-cusped curve (Jig. art. 707.),

whose intercuspidal arcs are alternately of very unequal

Vjttent, arising, as we have seen, from the longer duration and
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greater energy of the outward than of the inward action of the
disturbing force. Although, therefore, in perigee at syzygies
and in apogee at quadratures, the apogeal recess is much
greater than the perigeal ai^proach, inasmuch as S rf greatly

exceeds S a. On the average of a whole revolution, then, the

recesses will preponderate, and the average distance will there-

fore be greater in the disturbed than in the undisturbed orbit.

And it is manifest that this conclusion is quite independent
of any change in the length of the axis, which the normal force

has no power to produce.

(734.) But neither does the normal force operate any
change of linear velocity in the disturbed body. When
carried out, therefore, by the effect of that force to a greater

distance from S, the angular velocity of its motion round S
will be diminished : and contrariwise when brought nearer.

The average of all the momentary angular motions, therefore,

will decrease with the increase in that of the momentary
dista,nce8 ; and in a higher ratio, since the angular velocity,

under an equable description of areas, ia inversely as the

square of the distance, and the disturbing forct., bf :np: (in the

case supposed) directed to or from the center, does not disturb

that equable description (art. 616.). Consequently, on the
average of, k. whole revolution, the angular motion is slower,

and therefore the time ofcompleting a revolution, and returnino-

to the same longitude, longer than in the undisturbed orbit,

audithat independentof and without any reference to the length

of the momentary axis, and the "periodic time" or "mean
motion" dependent thereon. We leave to the reader to follow

out (as is easy to do) the same train of reasoning in the cases

of planetary perturbation, when M is not very remote, and
when it is interior to the disturbed orbit. In the latter case

the preponderant effect changes from a retardation of angular
velocity to an acceleration, and the dilatation of the average

dimensions of P's orbit to a contraction.

(735.) The above is an accurate analysis, according to

strictdynamical principles, of an effect which, speaking roughly,

may be assimilated to an alteration of M's gravitation towards

S by the mean preponderant amount of the outward and
LL,
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inward action of the nonnal forcca constantly exerted— nearly

OS would be the case if the mass of the disturbing body were

formed into a ring of uniform thickness, concentric with S,

and of such diameter as to exert an action on P everywhere

equal to such mean preponderant force, and in the same

direction as to inwards or outwards. For it is clear that the

action of such a ring on P, will be the difference of its attrac-

tions on the two points P and S, of which the latter occupies

its center, the former is excentric. Now the attraction of a

ring on its center is manifestly equal in all directions, and

therefore, estimated in any one direction, is zero. On the

other hand, on a point P out of its center, if within the ring,

the resulting attraction will always be outwards, towards the

nearest point of the ring, or directly from the center.* But

if P lie without the ring, the resulting force will act always

imoards, urging P towards its center. Hence it appears that

the mean effect of the radial force of the ring will be different

in its direction, according as the orbit of the distui'bing body

is exterior or interior to that of the disturbed. In the former

i

* As this is a proposition wliich the equilibrium of Saturn's ring renders not

merely speculative or illustrative, it will be well to demonstrate it ; which may
bo done very simply, and without the aid of any calculus. Conceive a spherical

shell, and a point within it: every line passing through the point, and termi-

nating both ways in the shell, will, of course, be equally inclined to its surl'ace

at either end, being a chord of a spherical surface, and, therefore symmetrically

related to all its parts. Now, conceive a small double cone, or pyramid, having

its apex at the point, and formed by the conical motion of such a line round the

point. Then will the two portions of the spherical shell, which form the bases

of both the cones, or pyramids, be similar and equally inclined to their axes.

Thierefore their areas will be to each other ns the squares of their distances from

the common apex. Therefore their attractions on it will be equal, because the

attraction is as the attracting matter directly, and the square of its distance in-

versely. Now, these attractions act in opposite directions, and therefore counter-

act each other. Therefore the point is in equilibrium between them ; and as

the same is true of every such pair of areas into which the spherical shell can be

broken up, therefore the point will be in equilibrium however situated within

such a spherical shell. Now take a ring, and treat it similarly, breaking its cir-

cumference up into pairs of elements, the bases of trianglai formed by lines

passing through the attracted point. Here the attracting elements being lines,

not surfaces, are in the simple ratio of the distances, not the duplicate, as they

should be to maintrjn the equilibrium. Therefore it will not be maintained,

but the nearest elements will have the superiority, and the point will, on the

whole, be urged towards the nearest part of the ring. The same is true of

every linear ring, and is therefore true of any assemblage of concentric ones

form'iig t: flat annulus, like the ring of Saturn.

i'MMi^'ummmmU lUwWmi iitamitam
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case it will act in diminution, in the latter in augmentation

of the central gravity.

(736.) Regarding, still, only the mean effect, as produced

in a great number of revolutions of both bodies, it is evident

that such an increase of central force will be accompanied

with a diminution of periodic time and distance of a body

revolving with a stated velocity, and vice versd. This, as we
Lave shown, is the first and most obvious effect of the radial

part of the disturbing force, when exactly analyzed. It alters

permanently, and by a certain mean amount, the distances

and times of revolution of all the bodies composing the

planetary system, from what they v/ould be, did each planet

circulate about the sun uninfluenced by the attraction of the

rest ; the angular motion of the interior bodies of the system

being thus rendered less, and those of the exterior greater,

than on that supposition. The latter effect, indeed, might be
at once concluded from this obvious consideration,—-that all

the planets revolving interiorly to any orbit may be considered

as adding to the general aggregate of the attracting matter

within, which is not the less eflScient for being distributed

over space, and maintained in a state of circulation.

(737.) This effect, however, is one which we have no means

of measuring, or even of detecting, otherwise than by calcu-

lation. For our knowledge of the periods of the planets is

drawn from observations made on them in their actual state,

and therefore under the influence of this, which may be

regarded as a sort of constant part of the perturbative action.

Their observed mean motions are therefore affected by the

whole amount of its influence ; and we have no means of dis-

tinguishing this by observation from the direct effect of the

Bun's attraction, with which it is blended. Our knowledge,

however, of the masses of the planets assures us that it is

extremely small ; and this, in fact, is all which it is at all

important to u? to know, in the theory of their motions.

(738.) The action of the sun upon the moon, in like

manner, tends, by its mean influence during many successive

revolutions of both bodies, to Increase permanently the

moon's distance and periodic time. But tliis general average
L L 3

MMlH



516 OUTLINES OP ASTRONOMY.

is not established, cither in the case of the moon or planets,

without a scries of surbordinate fluctuations-, v/iii'h ^o buvo

purposely m fleeted to take account of in tlo Ji bo\'3 r';asonmg,

and which ob musly tend, in the average of a gre't multitiido

of revclutionSj to neutralize each othwr. Id tLe iiuusr therrj',

however, some of these subordinn • c fluctiiauona arc very

sensible to ob;-c;rvation. The most conspicu > ts of these is

the moon's annua! equation : so called bf":>ause it consists in

an alternate incio'.se and docivase in her longitude, corre-

sponding with the earth's situation in its annual orbit ; ?. e..

to its angular distance from tlie p;;nhclAon, and therefor*}

having a year instead of a month, or -.iliquot pai't of a uionth,

for its period. To understand the mooo of its production,

let v"9 suppose the sui., still holding u fixod position in lon-

gitm fi, to apfiioach gradually nearer to the earth. Then
tvill <ill its disturbing forces be gradually increased in a very

Mlp. Tiitio compared with the diminuiion of the distance

('I eing in^ ersely as its cube ; so that ils effects of every

kiad are three times greater in respecL of any change of

distance, than they would be by the uiinple law of pro-

portionality). Hence, it is obvious that ihe focus H (art.

707.) in the act of describing each intercu pidal arc of the

curve a, d, b, e, will be continually carried <»ut fiixrther and
farther from S ; and the curve, instead of returning into

itself at the end of each revolution, will open out into a sort

of cuspidated spiral, as in the figure

annexed. Retracing now the reason-

ing of art. 733. as adapted to this state

of things, it wiU be seen that so long

as this dilatation goes on, so long will

the difference between M's recess from

S in aphelio and its approach in perihelio (which is equal to

the difference of consecutive long and short semidiameters of

this curve) also continue to increase, and with it the average

of the distances of M from S in a whole revolution, and

consequently also the time of performing such a revolution.

The reverse process will go on aa the sun again recedes.

Thus it appears that, as the bun approaclce the earth, tho

'I !»'[»'»amimmmiaiMm
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ANNUAL INEQUALITY OF THE MOON. Sir

moan angular motion of the moon on the average of a whole
revolution will diminish, and the duration of each lunation

will therefore exceed that of the foregoing, and vice versd.

(739.) The moon's orbit being supposed circular, the sun's

orbitual motion will have no other effect than to keep the
moon longer under the influence of every gradation of the
disturbing force, than would have been the case had his

situation in longitude remained unaltered (art. 711). The
same effects, therefore, will take place, only on an increased
scale in the proportion of the increased time; i.e. in the
proportion of the synodic to the sidereal revolution of tho
moon. Observation confirms these results, and assigns to tho
inequality in question a maximum value of between 10' and
ir, by which tho moon ig at one time in advance of, and at

another behind, its mean place, in consequence of this per-
turbation.

(740.) To this class of inequalities we must refer one of
great importance, and extending over an immense period of
time, known by the name of the secular acceleration of the

moon's mean motion. It had been observed by Dr. Halley,
on comparing together the records of the most ancient lunar
eclipses of the Chaldean astronomers with those of modern
tunes, that the period of the moon's revolution at present is

sensibly shorter than at that remote epoch ; and this result

was confirmed by a further comparison of both sets of
observations with those of the Arabian astronomers of the
eighth and ninth centuries. It appeared, from these com-
parisons, that the rate at which the moon's mean motion
increases is about 11 seconds per century,— a quantity small
in itself, but becoming considerable by its accumulation
during a succession of ages. This remai-kable fact, like tho
groat equation of Jupiter and Saturn, had been long the
subject of toilsome investigation to geometers. Indeed, so
difficult did it appear to render any exact account of, that
while some were on the point of again declaring the theory
of gravity inadequate to its explanation, others were for

rejecting altogether the evidence on which it rested, although
quite as satisfactory as that on which most historical events

L L 3
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tiro credited. It was in this dilemma that Laplace once

more stepped in to rescue physical astronomy from its

reproach, by pointing out the real cause of the phasnomenon

in question, which, when so explained, is one of the most

curious and instructive in the whole range of our subject,—

one which leads our speculations farther into the past and

future, and points to longer vistas in the dim perspective of

changes which our system has undergone and is yet to

undergo, than any other which observation assisted by theory

has developed.

(HI.) The year is not an exact number of lunations. It

consists of twelve and a fraction. Supposing then the sun

and moon to set out from conjunction together; at the

twelfth conjunction subsequent the sun will not have re-

turned precisely to the same point of its annual orbit, but

will fall somewhat short of it, and at the thirteenth will have

overpassed it. Hence in twelve lunations the gain of

longitude during the first half year wiU be somewhat under

and in thirteen somewhat over-compensated. In twenty-

six it will be nearly twice as much over-compensated, in

thirty-nine not quite so nearly three times as much, and so

on, until, after a certain number of such multiples of a lunation

have elapsed, the sun will be found half a revolution in

advance, and in place of receding farther at the expiration of

the next, it wiU have begun to approach. From this time

every succeeding cycle will destroy some portion of that over-

compensation, until a complete revolution of the sun in excess

shall be accomplished. Thus arises a suboi liaate or rather

supplementary inequality, having for its period as many years

as is necessary to multiply the deficient arc into a whole

revolution, at the end of which time a much more exact

compensation will have been operated, and so on. Thus

after a moderate number of years an almost perfect com-

pensation will be effected, and if we extend our views to

centuries we may consider it as quite so. Such at least

would be the case if the solar ellipse were invariable.

But that ellipse is kept in a continual but excessively slow

state of change by the action of the planets on the earth.

iPfif^f i .*vi\fflii »jiM»M*i'i< iiifti iii«i*i«ifii.iiiha iiiww"i lw*iMrtiraii )>MMMIHMiHMMIMMbM mmmamsi^mntm
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Its axis, it is true, remains unaltered ; but ita cxccntriclty

is, and has been since the earliest ages, diminishing ; and

this diminution will continue (there is little reason to doubt)

till the exccntricity is annihilated altogether, and the earth's

orbit becomes a perfect circle ; after which it will again

oi)en out into an ellipse, the exccntricity will again in-

crease, attain a certain moderate amount, and then again

decrease. The time required for these evolutions, though
calculable, has not been calculated, further than to satisfy

us that it is not to be reckoned by hundreds or by thousands

of years. It is a period, in short, in which the whole histoiy

of astronomy and of the human race occupies but as it were
a point, during which all its changes are to be regarded as

uniform. Now, it is by tliis variation in the exccntricity of

the earth's orbit that the secular acceleration of he moon is

caused. The compensation above spoken of (even after the

lapse of centuries) will now, we see, be only impeifectly

effected, owing to this slow shifting of one of the essential

data The steps of restoration are no longer identical with,

nor equal to, those of change. The struggle up hill is not

maintained on equal terms with the downward tendency.

The ground is all the while slowly sliding beneath the feet

of the antagonists. During the whole time that the earth's

exccntricity is diminisliing, a preponderance is given to the

re-action over the action ; and it is not till that diminution

shall cease, that the tables will be turned, and the process of

ultimate restoration will commence. Meanwhile, a minute,

outstanding, and uncompensated effect in favour of accele-

ration is left at each recurrence, or near recurrence, of the

same configurations of the sun, the moon, and the solar

perigee. These accumulate, and at length affect the moon's

longitude to an extent not to be overlooked.

(742.) The phsenomenon, of which we have now given an

account, is another and very striking example of the pro-

pagation of a periodic change from one part of a system to

another. The planets, with one exception, have no direct

appretiable action on the lunar motions aa referred to the

earth. Their masses are too small, and their distances too

L L 4
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great, for their diflTorencc of iiction on the moon and earth

ever to become acnsiblc. Yet Uieir effect on the earth's

orbit I 'itU'. >. ', \\ propagated fhrough the sun to that of

th'^ ;t, 'ion ; "'t>d, Avhat ih very rci uirkable, the transmitted

effect tliiiij mUirectly produced on the angle described by the

inion round the earth Is more sensible to observation than

that directly produced by them on the angle describ'fl by tho

earth round the sun.

(743.) Referring to t^" '•''" oning of art. 738., we shall

perceive that if, o .g to any ocher luse than its elliptic

motion, the sun's distance from the earth be subject to a

periodical Increase and decrease, that variation will give rise

to a lunar inequality of equal period analogous to the annual

equation. It thus happens that very minute changes im-

pressed on the oiMt of the earth, by the direct action of the

planets, (provided their periods, though not properly speaking

secular, be of considerable length,) may make themselves

sensible in the lunar motions. The longitude of that satellite,

as observed from the earth, is, in fact, singularly sensible to

this kind of reflected notion, wlxich illustrates in a striking

manner the principle of forced vibrations laid do-s n in art.

(650.). The reason of this will be readily apprtliended, if

wc consider that however trifling the increase of her longitude

which would arise in a single revolution, fi n a minuto A
almost infinitesimal increase of her mean anguhu* velo' ity,

that increase is not only repeated i ach subsequent evo-

lution, but is rel iforced during eacij by n simil fresh ac-

cession of angular motion genernted in its lapse. This pro-

cess goes on so long the angular motion continues to

inci -e, anr! only be to be i ersed when lapse of time,

bringing round a contrary action on the ai.gular mot >n,

shall have destroyed the excess of velocity previously gained,

and b \;u.! to operate ; retardatioi. In this respect, the

advance gained by tho moon on her undisturbed place nay

be assimilated, during its increase, to the space desc *icd

from rest under the actior. of a continually accelerating i..( ^^

The velocity gain in >i instant is no+ only effective in

caiTying the boc! i ' din'ing each & sequent inatnat.

—
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INDIRECT ACTION OF VENUS ON THE MOON. 52

1

but new velocities are every instant generated, and go on
adding their cumulative cflccts to those before produced.

(744.) Tlie distance of the earth from the sun, like that of

the moon from the earth, may be affected in its average value

estimated over long periods embracing many revolutions, in

two modes, confonnably to the theory above delivered. 1st,

it may vary by a variation in the length of the axis major of

its orbit, arising from the direct action of some tangential

disturbing force on its velocity, and thereby producing a

change of mean motion and periodic time in virtue of tho

Keplerian law of periods, which declares that the periodic

times are in the sesquiplicate ratio of the mean distances.

Or, 2dly, it may vary by reason of that peculiar action on tho

average of actual distimces during a revolution, which arises

from variations of exc ricity and perihelion only, and which

produces that sort of change in the mean motion which wo
have characterized as incident on the epoch. The change of

mean motion thus arising, has notliing whatever to do with
any variation of the major axis. It does not depend on tho

change of distance by the Kei)lerian law of periods, but by
that of areas. The altered mean motion is not sub-sesqui-

r>licate to the altered axis of the ellipse, which in fact does

ot alter at all, but is sub-duplicate to the altered average of
stances in a revolution ; a distinction which must be care-

fully borne in mind by every one who will clearly under-
stand either the subject itself, or the force of Newton's ex-
lanti.Htii of it in the 6th Corollary of his celebrated 6fith

i-op'»8ition. In whichever mode, however, an alteration in

the uivan motion is effected, if we accommodate the general

sense of our language to the specialties of the case, it remains

true that every change in the mean motion is accompanied
with a correspond" I' change in the mean distanc

(745.) Now wi: 1 e seen, art. (726.), that Venus pr nlices

in the earth a pertr tion in longitude, of so lon{' iod

(240 years), that it car lot well be regarded without Moicuce to

ordinary language, o iier- ise than as an equation of the mean
motion. Of c irse, thei foro, it follows that during that hall

of this long ] .riod '" t
i in which tiie earth's motion is
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retarded, the distancn between the sun and earth is on tho

increase, and vice versd. Minute aa is the equation in question,

and consequent alteration of solar distance, and almost in-

conceivably minute as is tho effect produced on tlie moon's

mean anjrular velocity in a single lunation, yet tho great

numbr i)f lunations (1484), during ^yhich tho effect goes on

occumulating in one direction, causes the moon at tlio moment

wlicn that accumulation has attained its maximum to be very

sensibly in advance of its undisturbed place (viz. by 23" of

longitude), and after 1484 more lunations, as much in arrear.

Tho calcuktions by which this curious result has been

established, formidable from their length and intricacy, are

due to the industry, as the discovery of its origin is to tho

sagacity, of Professor Hansen.

(746.) Tho action of Venus, just explained, is indirect,

being as it were a sort of reflection of its influence on tho

earth's orbit. But a very remarkable instance of its influence,

in actuall} perturbing tho moon's motions by its direct at-

tract ion, has been pointed out, and tho inequality due to it

computed by the same eminent geometer.* As the details

of his processes have not yet appeared, wo can hero only

explain, in general terms, the principle on which the result

in question depends, and the nature of the peculiar adjustment

of the mean angular velocities of the earth and "Venus which

render it effective. The disturbing forces of Venus on the

moon are capable of being represented or expressed (as is

indeed generally the case with all the forces concerned in

producing planetary disturbance) by the substitution for them

of a series of other forces, each having a period or cycle within

which it attains a maximum in one direction, decreases to

nothing, reverses its action, attains a maximum in the oppo-

site direction, again decreases to nothing, again reverses its

action and re-attains its former magnitude, and so on. These

cycles differ for each particular constituent or term, as it is

called, of the total forces considered as so broken up into

partial onesj and generally speaking, every combination which

* Astronomische Nachrichten, No. 597.
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can 1)0 fonncd by subtracting a multiple of tho mean motion

of one of the bodies concerned from a multiple of that of tho

other, and, when there are three bodies disturbing one another,

every such triple combination becomes, imdor tho technical

name of an argument, the cyclical representative of a force

acting in tho manner and according to tho law described.

Each of these periodically acting forces pro<lucc8 its pertur-

bativo effect, according to the law of the superposition of

small motions, as if the others had no existence. And if it

happen, as in an immense majority of cases it does, that tho

cycle of any particular one of these partial forces has no re-

lation to tho periodic time of tho disturbed body, so as to

bring it to tho same, or very nearly tho same point of its

orbit, or to any situation favourable to any particular fonn

of disturbance, over and over again when the force is at its

maximum ; that force will, in a few revolutions, neutralize

its own effect, and nothing but fluctuations of brief duration

can result from its action. Tho contrary will evidently bo

the case, if the cycle of the force coincide so nearly with tho

cycle of the moon's anomalistic revolution, as to bring round

the maximum of the force acting in one and the same direction

(whcUier tangential or normal) either accurately, or very

nearly indeed to some definite point, as, for example, tho

apogee of her orbit. Whatever the effect produced by such

a force on tho angular motion of tho moon, if it be not

exactly compensated in one cycle of its action, it will go on

accunmlating, being repeated over and over again under

circumstances very nearly the same, for many successive

revolutions, until at length, owing to the want of precise

accuracy in the adjustment of that cycle to the anomalistic

period, the maximum of the force (in the same phase of its

action) is brought to coincide with a point in the orbit (aa

the perigee), determinative of an opposite effect, and thus, at

length, a compensation will be worked out ; in a time, how-
ever, so much the longer as the difference between the cycle

of the force and tli<! moon's anomalistic period is less.

(747.) Now, in fact, in the case of Venus disturbing the

moon, there exists a ivolical combination of this kind. Of
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course the disturbing force of Venus on the moon varies with

her distance from the earth, and this distance again depends

on her configuration with respect to the earth and the sun,

taking into account the elUpticity of both their orbits. Among

the combinations which take their rissj from this latter con-

sideration, and which, as may easily be supposed, are of great

complexity, there is a term (an exceedingly minute one),

whose argument or cycle is determined by subtracting 16

times the mean motion of the earth from 18 times that of

Venus. The difference is bo very nearly the mean motion of

the moon in her anomalistic revolution, that whereas the

latter revolution is completed in 27'* 13" 18™ 32-3% the cycle

of the force is completed in 27* IS** 7" 35-6', differing from

the other by no move than 10™ 56*7', or about one 3625th

part of a complete period of the moon from apogee to apogee.

.During half of this very long interval (that is to say, during

about 136|^ years), the perturbations produced by a force of

this character, go on increasing and accumulating, and are

destroyed in another equal interval. Although therefore

excessively minute in their actual effect on the angular

motion, this minuteness is compensated by the number of

repeated acta of accumulation, and by the length of time

during which they continue to act on the longitude. Ac-

cordingly M. Hansen has found the total amount of fluctua-

tion to and fro, or the value of the equation of the moon's

longitude, so arising to be 27'4". It is exceedingly in-

teresting to observe that the two equations considered in

these latter paragraphs, account satisfactorily for the only

remaining material differences between theory and observa-

tion in the modem history of this hitherto rebellious satellite.

We have not thought it necessary (inv"ieed it would have

required a treatise on the subject) to go into a special ac-

count of the almost innumerable other luuar inequalities

which have been computed and tabulated, and wiiich are

necessary to be taken into account in every computation of

her place from the tables. Many of them are of very much

larger amount than these. We ought not, however, to pass

unnoticed, that the parallactic inequality, already explained

Jiimmmtiittimam mm mmmtrn-



n varies with

;alii depends

and the sun,

its. Among
s latter con-

[, are of great

minute one),

btracting 16

imes that of

inn motion of

whereas the

•3', the cycle

liffering from

; one 3625th

ee to apogee.

say, during

by a force of

ting, and are

gh therefore

the angular

e number of

ngth of time

gitude. Ac-

it of fluctua-

if the moon's

leedingly in-

jonsidered in

for the only

and observa-

ious satellite.

would have

a special ac-

: inequalities

id wiiich. are

mputation of

)f very mucli

7ever, to pass

\Ay explained

EFFECT OF THE EARTH'S SPHEROIDAL FIOURE. 525

art. (712.), is interesting, as affording a measure of the sun's
distance. For this equation originates, as there shown, in
the fact that the disturbing forces are not precisely alike in
the two halves of the moon's orbit nearest to and most re-
mote from the sim, all their values being greater in the
former half. As a knowledge of the relative dimensions of
the solar and lunar orbits enables us to calculate a priori,

the amount of this inequality, so a knowledge of that amount
deduced by the comparison of a great number of observed
places of the moon with tables in which every inequality but
this should be included, would enable us conversely to as-
certain the ratio of the distances in question. Owing to the
smallness of the inequaUty, this is not a very accurate mode
of obtaining an element of so liiuch importance in astronomy
as the sun's distance, but were it larger {i.e. were the moon's
orbit considerably larger than it actually is), this would be,
perhaps, the most exact method of any by "which it could
be concluded.

(748.) The greatest of all the lunar inequalities, produced
by perturbation, ia that called the evection. It arises directly
from the variation of the excenti^city of her orbit, and from
the fluctuation to and fro in the general progress of the line
of apsides,,caused by the different situation of the sun, with
respect to that line (arts. 685. 691.). Owing to these causes
the moon is alternately in advance, and in arrear of her
elliptic place by al .out 1° 20' 30". This equation was known
to the ancients, having been discovered by Ptolemy, by the
comparison of a long series of observations handed down to
him from the earliest ages of astronomy. The mode in which
the effects of these several sources of inequality become
grouped together under one principal argument common to
them all, belongs, for its explanation, rather to works
specially treating of the lunar theory than to a treatise of
this kind.

(749.) Some small perturbations are produced in the
lunar orbit by the protuberant matter of the ea:rth's equator.
The attraction of a sphere is the same as if all its matter
were condensed into a point iu its center; but that is not the

Li



526 OUTLINES OF ASTRONOMY.

case with a spheroid. The attraction of such a mass la

neither exactly directed to its center, nor does it exactly

follow the law of the inverse squares of the distances. Hence

will arise a series of perturbations, extremely small in amount,

but still perceptible in the lunar motions ; by which the node

and the apogee wiU be affected. A more remarkable conse-

quence of this cause, however, is a small nutation of the

lunar orbit, exactly analogous to that which the moon causes

in the plane of the earth's equator, by its action on the same

elliptic protuberance. And, in general, it may be observed,

that in the systems of planets which have satellites, the

elliptic figure of the primary has a tendency to bring the

orbits of the satellites to coincide with its equator,—

a

tendency which, though small in the case of the earth, yet in

that of Jupiter, whose eUipticity is very considerable, and of

Saturn especially, where the elUpticity of the body is rein-

forced by the attraction of the rings, becomes predominant

over every external and internal cause of disturbance, and

produces and maintains an almost exact coincidence of the

planes in question. Such, at least, is the case with the

nearer satellites. The more distant are comparatively less

affected by this cause, the difference of attractions between

a sphere and bphcroid duninishing with great rapidity as the

distance increases. Thus, while the orbits of all the in-

terior satellites of Saturn He almost exactly in the plane of

the ring and equator of the planet, that of the external

8atclUtc° whose distance from Saturn is between sixty and

seventy diameters of the planet, is inclined to that plane con-

siderably. On the other hand, this considerable distance,

while it permits the satellite to retiun its actual inclination,

prevents (by parity of reasoning) the ring and equator of the

planet from being perceptibly disturbed by its attraction, or

being subjectc' to any appretiable movements analogous to

our Mutation and precession. If such exist, they must be

much slower than those of the earth ; the mass of this satel-

lite being, as far as can be judged by its apparent size, a

much smaller fi'action of that of Saturn than the moon is of
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the earth ; while the solar precession, by rcas:on of the im-
mense distance of the sun, must be quite imperceptible.

(750.) The subject of the tides, though rather belonging to

terrestrial physics than properly to astronomy, is yet so

directly connected with the theory of the lunar perturbations,

that we cannot omit some explanatory notice of it, especially

since many persons find a strange difficulty in conceiving the

manner in which they are produced. That the sun, or moon,
should by its attraction heap up the waters of the ocean
under it, seems to them very natural. That it should at the

same time heap them up on the opposite side seems, on the

contrary, palpably absurd. The error of this class of ob-

jectors is of the same kind with that noticed in art. 723., and
consists in disregarding the attraction of the disturbing body
on the mass of the earth, and looking on it as wholly effective

on the superficial water. Were the earth indeed absolutely

fixed, held in its place by an external force, and the Avater

left free to move, no doubt the effect of the disturbing power
would be to produce a single accumulation vertically under
the disturbing body. But it is not by its whole attraction,

but by the difference of its attractions on the superficial water
at both sides, and on the central mass, that the waters are

raised : ji^t as in the theory of the moon, the difference of

the sun's attractions on the moon and on the earth (regarded

as moveable and as obeying that amount of attraction which
is due to its situation) gives rise to a relative tendency in the

moon to recede from the earth in conjimctlon and opposition,

and to approach it in quadratures. Eeferring to the figure

of art. 675., instead of supposii.,, A D B C to represent the

moon's orbit, let it be supposed to reprfsent a section of the

(comparatively) thin film of water reposing on the globe of
the earth, in a great circle, the plane of which passes through
the disturbing body M, which we shall suppose to be the
moon. The disturbing force on a particle at P will then
(exactly as in the lunar theory) be represented in amount and
direction by NS, on the same scale on wliich SM represents

the moon's whole attraction on a particle situated at S. This
force, applied at P, will urge it in the direction PX parallel
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to N S ; and therefore, when compounded with the direct force

of gravity which (neglecting aa of no account in this theory

the spheroidal form of the earth)

urges P towards S, will be equi-

valent to a single force deviat-

ing from the direction P S to-

wards X. Suppose PT to be

the direction of this force, which,

it is easy to see, will be directed

towards a point in DS pro-

duced, at an extremely small

distance below S, because of the excessive minuteness of the

disturbing force compared to gravity.* Then if this be done

at every point of the quadrant AD, it will be evident that the

direction PT of the resultant force will be always that of a

tangent to the small cuspidated curve ad&iT, to which tan-

gent the surface of the ocean at P must everywhere be per-

pendicular, by reason of that law of hydrostatics which re-

quires the direction of gravity to be everywhere perpendicular

to the surface of a fluid in equilibrio. The form of the curve

D P A, to which the surface of the ocean will tend to conform

itself, so aa to place itself everywhere in equilibrio under two

acting forces, will be that which always has P T for its radius

of curvature. It will therefore be slightly less curved at D,

and more so at A, being in fact no other than an ellipse,

having S for its center, d a for its evolute, and S A, S D for

its longer and shorter semi-axes respectively; so that the

whole surface (supposing it covered with water) will tend to

assume, as its form of equilibrium, that of an oblongated

ellipsoid, having its longer axis directed towards the disturb-

ing body, and its shorter of course at right angles to that

direction. The diiference of the longer and shorter semi-

axes of thifl ellipsoid due to the moon's attraction would be

• According to Newton's calculation, the maximum disturbing force of the

sun ou the water does not exceed one 2S736400tIi part of its gravity. That of

the moon will therefore be to this fraction as the cube of the sun's distance to

that of the moon's directly, and as the mass of the sun to that of the moon in-

»ersely, t. e. as (400)' x 001 25 17 I 3S4S36, which, reduced to numbers, gives,

for the moon's maximum of power to disturb the waters, about one 11400000th

of gravity, or somewhat less than 2^ times the sun's.
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about 58 inches : that of the ellipsoid, similarly formed in

virtue of the sun, about 2^ times less , or about 23 inches.

(751.) Let us suppose the moon only to act; and to have
no orbitual motion ; then if the earth .\lso had no diurnal

motion, the ellipsoid of equilibrium woula be quietly foi-mod,

and all would be thencef>rward tranquil. There is never
time, however, for this spheroid to be fully formed. Before

the waters can take their level, tjie moon has advanced in

her orbit, both diurnal and monthly, (for in this theory it

will answer the purpose of clearness better, if we suppose

the earth's diurnal motion transferred to the sun and moon in

the contrary direction,) the vertex of the spheroid has shifted

on the earth's surface, and the ocean has to seek a new
bearing. The effect is to produce an immensely broad and
excessively flat wave (not a circulating current), wliich fol-

lows, or endeavours to follow, the apparent motions of the

moon, and must, in fact, by the principle of forced vibrations,

imitate, by equal though not by si/nchronous periods, all the

periodical inequalities of that motion. "When the higher or

lower parts of this wave strike our coasts, they experience

what we call high and low water.

(752.) The sun also produces preciBcly such a wave, whoso
vertex tends to follow the apparent motion of the sun in the

heavens, and also to imitate its periodic inequalities. This
solar wave co-exists with the lunar— is sometimes superposed
on it, sometimes transverse to it, so as to partly neutralize it,

according to the monthly synodical configuration of the two
luminaries. This alternate mutual reinforcement and destruc-

tion of the solar and lunar tides cause what are caUed the

spring and neap tides— the former being their sum, the latter

their difference. Although the real amount of either tide is,

at present, hardly within the reach of exact calculation, yet
their proportion at any one place is probably not very remote
from that of the ellipticities which would belong to their

respective spheroids, could an equiUbrium be attained. Now
these elliptic' '^'^ for the solar and lunar spheroid^, are respec-

tively abort fMv and five feet ; so that the average sprinw

tide will -jn f.^ 'he neap as 7 to 3, or thereabouts.
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(753.) Another eftect of the combination of the solar and

lunar tides is what is called the priming and lagging of the

tides. If the moon alone existed, and moved in the plane of

the equator, the tide-day (j. e. the interval between two suc-

cessive arrivals at the same place of the same vertex of the

tide -wave) would be the lunar day (art. 143.), formed by the

combination of the moon's sidereal period and that of the

earth's diurnal motion. Similarly, did the sun alone exist,

and move always on the equator, the tide-day would be the

mean solar day. The actual tide-day, then, or the interval

of the occurrence of two successive maxima of their superposed

waves, will vary as tne separate waves approach to or recede

from coincidence ; because, when the vertices of two waves

do not coincide, their joint height has its maximum at a point

intermediate between them. This variatioi; froxa uniformity

in the lengths of successive tide-days is particularly to be re-

marked about the time of the new avid full moon.

(754.) Quite different in its origin is that deviation of the

time of high and low water at any port or harbour, from the

culmination of the luminaries, or of the theoretical maximum

of their supei-posed spheroids, which is called the " establish-

ment " of that port. If the water were without mertia, and

free irom obstruction, either owing to the friction of the bed

of the sea, the narrowness of channels along which the wave

has to travel before reaching the port, their length, &c. &c.,

the tunes above distinguished would be identical. But all

these causes tend to create a difference, and to make that

difference not ahke at all ports. The observation of the

establishments of harbours is a point of great maritime im-

portance ; nor is it of less consequence, theoretically speak-

ing, to a knowledge of the true distribution of the tide-waves

over the globe. In making such observations, care must be

taken not to confound the time of "slack water," when the

current caused by the tide ceases to flow visibly one way or

the other, and that of high or low water, when the level of

the surface ceases to rise or fall. These are totally distinct

phasnomena, and depend on entirely different causes, though

it is time they may sometimes coincide in point of time. They
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are, it is Icared, too often mistaken one for the other by
practical men; a circumstance whicli, whenever it occurs,
must produce the greatest confusion in any attempt to reduce
the system of the tides to distinct and intelligible laws.

(755.) The declination of the sun and moon materially
affects the tides at any particular spot. As the vertex of the
tide-wave tends to place itself vertically under the luminary
whicli produces it, when this vertical changes its point of
incidence on the surface, the tide-Avave must tend to shift ac-
cordingly, and thus, by monthly and annual periods, must
tend to increase and diminish alternately the principal tides.

The period of the moon's nodes is thus introduced into this

subject; her excursions in decimation in one part of that
period being 29°, and in another only 17°, on either side the
equator.

(756.) Geometry demonstrates that the efficacy of a lumi-
nary in raising tides is inversely proportional to the cube of
its distance. The sun and moon, however, by reason of the
ellipticity of their orbits, are alternately nearer to and farther
from the earth than their mean distances. In consequence of
this, the efficacy of the sun will fluctuate between the ex-
tremt i , and 21, takmg 20 for its mean value, and that of
the mom. ik ween 43 and 59. Taking into account this
cause of clitference, the highest spring tide will be to the
lowest neap as 59 + 21 to 43 — 19, or as 80 to 24, or 10
to 3. Of all the cs^i-. s of differenc. j in the height of tmes
however, local situation i^, the most influential. In some
places the tide-wave, rushln- m, a narrow channel, is suddenly
raised to an extraordinary he -' „ At Annapolis, for instance,
in the Bay of Fundy, it is said to rise 120 feet. Even at
Bristol the difference of high and low water occasionally
amounts to 50 feet.

(757.) It is by means of the perturbations of the planets,
as ascertained by observation and compared with theory, that
we arrive at a knowledge of the masses of those planets'which
having no satellites, offer no other hold upon them for this

purpose. Every planet produces an amount of perturbation
in the motions of every other, proportioned to its mass, and

u U 2
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to the degree of advantage or purchase which its situation in

the system gives it over their movements. The latter is a

subject of exact calculation ; the former is unknown, otherwise

than by observation of its effects. In the determination,

however, of the masses of the planets by this means, theory

lends the greatest assistance to observation, by pointing out

the combinations most favourable for eliciting this knowledge

from the confused mass of superposed inequalities which affect

every observed place of a planet ; by pointing out the laws of

each inequality in its periodical rise and decay ; and by show-

ing how every particular inequality depends for its magnitude

on the mass producing it. It is thus that the mass of Jupiter

itself (employed by Laplace in his investigations, and inter-

woven with all the planetary tables) has been ascertained, by

observations of the demngements produced by it in the mo-

tions of the ultra-zodiacal planets, to have been insufficiently

determined, or rather considerably mistaken, by relying too

much on observations of its satellites, made long ago by Pound

and others, with inadequate instrumental means. The same

conclusion has been arrived at, and nearly the same mass ob-

tained, by means of the perturbations produced by Jupiter

on Encke's comet. The error was one of great importance

;

the mass of Jupiter being by far the most influential element

in the planetary system, after that of the sun. It is satis-

factory, then, to have ascertained, as Mr. Airy has done,

the cause of the error ; to have traced it up to its source,

in insufficient micrometric measurements of the greatest elon-

gations of the satellites ; and to have found it disappear when

measures, taken with more care and with infinitely superior

instruments, are substituted for those before employed.

(758.) In the same way that the perturbations of the

planets lead us to a knowledge of their masses, as compared

with that of sun, so the perturbations of the satellites of Ju-

piter have led, and those of Saturn's attendants will no doubt

hereafter lead, to a knowledge of the proportion their mosses

bear to their respective primaries. The system of Jupiter's

satellites has been elaborately treated by Laplace ; and it ia

from his theory, compared with innumerable observations of

MMlii
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their eclipses, that the masses assigned to them, in art. 540. have
been fixed. Few results of theory are more surprising than to
see these min,, >toms weighed in the same balance, which wc
have applied to the ponderous mass of the sun, which exceeds
the least of them in the enormous proportion of 65000000 to 1.

(759.) The mass of the moon is concluded, 1st, from the
proportion of the lunar to the solar tide, as observed at various
stations, the effects being separated from each other by a
long series of observations of the relative heights of spring
and neap tides which, we have seen, (art. 752.) depends on
the proportional influence of the two luminaries. 2dly,
from the phasnoincnon of nutation, which, being the result of
the moon's attraction alone, affords a means of calculatin<»'

her mass, independent of any knowledge of the sun's. Both
methods agree in assigning to our satellite a mass about one
seventy-fifth that of the earth.

*

(760.) Not only, however, has a knowledge of the pertur-
bations produced on other bodies of our system enabled us to

estimate the mass of a disturbing body already known to

exist, and to produce disturbance. It has done much more,
and enabled geometers to satisfy themselves of the existence,

and even to indicate the situation of a planet previously un-
known, with such precision, as to lead to its immediate dis-

covery on the very first occasion of pointing a telescope to the
place indicated. We have already (art, 506.) had occasion

to mention in general terms this great discovery ; but its im-
portance, and its connexion with the subject before us, calls

for a more specific notice of the circumstances attending it.

When the regular observation of Uranus, consequent on its

discovery in 1781, had afforded some certain knowledge of
the elements of its orbit, it became possible to calculate

backwards into time past, with a view to ascertain whether
certain stars of about the same apparent magnitude, observed
by Flamsteedj and since reported as missivg, might not
possibly be this planet. No less than six ancient observ-
ations of it as a supposed star were thus found to have

• Laplace, Expos, du Syst. du Monde, pp 285. 300. Later researches have
shewn that this is somewhat too large, about {^ih being the value at present
received.
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been rocordcd by that .iHtronomer,— one in l'"^0, one in 1712,

andfour in 1715. On further inquiry, it wa alh iscertained

to have been observed by Bradley in 1753, Ly Mu. in 17.'>6,

and no less than twelve times by Le Monnier, in 1750, 17 u4,

1768, 1769, and 1771, all the time without t least suspicion

of its planetary nature. The observationn. wever, 8o mu.le,

being all circumstantially registered, and made with instni-

luenta the best that their respective dates admitted v, re

quite available for correcting the elements of the .rbit, whi li.

as will bo easily understood, ia done with t muc! the

greater precision the larger the arc of the ell.
^ jo cm-

braced by the e".treme observations employed. It was,

therefore, reasonably hoped and expected, that, by making

use of the data thus afforded, and duly allowiu: for (!"> per-

turbations produced since 1690, by Saturn, Jupiter, n I tbe

inferior planets, elliptic elements would be obtained, \sh.

taken in conjunction with those perturbations, would re-

present not only all the observations up to the time of

executing the calculations, but also all future observation m
as satisfactory a manner as those of any of the other planets

are actually represented. This expectation, however, proved

»ir bisive. M. Bouvard, one of the most expert and laborious

oivulators of whom astronomy has had to boast, and to

fjse zeal and indefatigable industry we owe the tables of
w,.

Japiter and Satiun in actual use, having undertaken the

task of constructing similar tables for Uranus, found it im-

possible to reconcile the ancient observations above mentioned

with those made from 1781 to 1820, so as to represent both

series by means of the same ellipse and the same system of

perturbations. He therefore rejected altogether the ancient

series, and grounded his computations solely on the modem,

although evidently not without serioui misgivings as to the

grounds of such a proceeding, and " leaving it to future time

to determine whether the difficulty of reconciling the two

series arose from inaccuracy in the older observations, or

whether it depend on some extraneous and unperceived in-

fluence which may have acted on the planet."

(761.) But neither did the tables so calculated continue

i^gAUHKa. i»MTiiMiil iia(lilitiriiilJ lll
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to represent, duo precision, obser\ subsequently
mttf^ The"ei •• of the tables" after i~ iiiiag a ccrtiiiu

amount, by Axliich the true longitude of Uranus was in

advance of the computed, and which advance was steadily

luaintai) \ Worn about the year 1795 to 1822, began, about
the latter epoch, rapidly to diminish, till, in 1830-;il, the

tabular and observed longitu<I('s agreed. But, far from re-

maining in accordance, the pb let, atiU losing ground, fell,

and continued to fall behind itd calcu i'd place, and that

with such rapidity as to make it ' 'mt the existing

tables could no longer be receix v J

tolerable precision, the tnie laws

(702.) The reader will easily

progression of these discordancies

Plate A, in which the horizontal imc or abscissa is divided

into equal parts, each representing 50° of heliocentric longi-

Ic in the motion of Uranus round the sun, and in which the

vnceg between the horizontal lines represent each 1
00"

rror in longitude. The result of each year's observation

ot Uranus (or of the mean of all the observations obtained

during that year) in longitude, is represented by a black dot

l)laced above or below the point of the abscissa, corresponding

to the inean of the observed longitudes for the year above, if

the observed longitude be in excess of the calculated, below
if it fall short of it, and on the line if they agree ; and at a
distance from the lino corresponding to their difference on
the scale above mentioned.* Thus in Flamsteed's earliest

observations in 1690, the dot so marked is placed above the

line at 65"-9 above the line, the observed longitude beint' so

much greater than the calculated.

(763.) If, neglecting the individual points, we draw a
curve (indicated in the fi- are by a fine unbroken line)

through their general c ise, we hall at once perceive a

* The points artf laid down from M. Leve'rier'seomparison of the whole scries
of observations of Uranus, with an ephemeris of his own calculation, founded on
a complete and searching revision of the tables of Bouvard, and a rigorous com-
putation of the perturbations cauwd by all the known planets capable of exer-
cising any influence on it. 'Jlie diflVrences of longitude are geocentric, but for
our present purpose it matters not in the least whether we consider the errors
in heliocentric or in geocentric longitude.

M M 4
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certain regularity in its undulations. It presents two gront

elevations above, and one nearly as pv oat intermediate depres-

sion below the medial lino or abscissa. And it is evident

that these undulations would be very much reduced, and the

errors in consequence greatly palliated, if each dot were

removed in the vertical direction through a distance and in the

direction indicated by the corresponding point of the curve

A, B, C, D, E, F, G, H, intersecting the abscissa at points 180°

distant, and making equal excursions on cither side. Thus

the point a for 1750 being removed upwards or in the direc-

tion towards A through a distance equal to cj would be

brought almost to precise coincidence with the point d in

the abscissa. Now, this is a clear indication that a very largo

part of the differences in question is due, not to perturbation,

but simply to error in the elements of Uranus which have

been assumed as the basis of calculation. For sucl excesses

and defects of longitude alternating over arcs of i80° ai*o

precisely what would arise from error in the excentricity, or

in the place of the perihelion, or in both. In ellipses slightly

cxcentric, the true longitude alternately exceeds and falls

short of the mean during 180° for each deviation, and the

greater the excentricity, the greater these alternate fluctua-

tions to and fro. If then the excentricity of a planet's orbit bo

assumed erroneously (suppose too great) the observed longi-

tudes will exhibit a less amount of such fluctuation above

and below the mean than the computed, and the difference of

the two, instead of being, as it ought to be, always nil, will

be alternately + and—over arcs of 180°. If then a difference

be observed following such a law, it may arrive from errone-

ously assumed excentricity, provided always the longitudes

at which they agree (supposed to differ by 180°) be coincident

with those of the perihelion and aphelion; for in elliptic

motion nearly circular, these are the points where the mean
and true longitudes agree, so that any fluctuation of the

nature observed, if this condition be not satisfied, cannot

arise from error of excentricity. Now the longitude of the

perihelion of Uranus in the elements employed by Bouvard is

(neglecting fractions of a degree) 168°, and of the aphelion

ft¥'fete5SW??».';-S}{WW"'''«9»'w''?
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PERTURBATIONS OF URANUS DY NEPTUNE. 537

348°. These points then, in our figure, fall at ct, and « re-

spectively, that 18 to say, nearly half way between AC, CE,
E G, &c. It is evident therefore that it is not to error of

excentricity that the fluctuation in question is mainly due.

(76-4.) Let us now consider the effect of an erroneous

assumption of the place of the perihelion. Suppose in fig. 2.

Plate At ox to represent the longitude of a planet, and xy
the excess of its true above its mean longitude, due to ellip-

ticity. Then if R be the place of the perihelion, and P, or

T, the aphelion in longifude, y will always lie in a certain

undulating curve PQRST, above * PT, between R and T,
and below it between P and R. Now suppose the place of

the perihelion shifted forward to r, or the whole curve shifted

bodily forward into the situation /jyrs^, then at the same
longitude ox, the excess of the true above the mean longitude

will be x y' only ; in other words, this excess will have dimi-

nished by the quantity yy' below its former amount. Take
therefore in o N (Jig. 3. Ph A) oy—ox and yy' always=yy'

mfig. 2., and having thus constructed the curve KLMNO,
the ordinate yy' will always represent the effect of the sup-

posed change of perihelion. It is evident (the excentricity

being always supposed small), that this curve will consist

also of alternate superior and inferior waves of 180° each in

amplitude, and the points L, N of its intersection with
the axis will occur at longitudes corresponding to X,Y
intermediate between the maxima Q^q\ and S,« of the

original curves, that is to say (if these intervals Qy, Ss, or

Rr to which both are equal, be very small) very nearly at

90° from the perihelion and aphelion. Now this agrees with
the conditions of the case in hand, and we are therefore

authorised to conclude that the major portion of the errors in

question has arisen from error in the place of the perihelion

of Uranus itself, and not from perturbation, and that to correct

this portion, the perihelion must be shifted somewhat forward.

As to the amount of this shifting, our only object being ex-

planation, it will not be necessary here to enquire into it.

It will suffice that it must be such as shall make the curve
• The curves, figs. 2, 3, are inverted in the engraving.



538 OUTLINKS OF ASTRONOMY.

ABCDEFG as nearly as possible similar, equal, and opposite

to the curve traced out by the dots on the other side. And

this being done, we may next proceed to lay down a curve of

the residual differences between observation and theory in

the mode indicated in art. (763.)

(765.) This being done, by laying off at each po'nt of the

line of longitudes an ordinate equal to the difference of the

ordinates of the two curves in fig. 1. when on opposite, and

their sum when on the same side of the abscissa, the result

will be as indicated by the dots in fig. 4. And here it is at

once seen that a still farther reduction of the differences

under consideration would result, if, instead of taking the

. line A B for the Hue of longitudes, a line a b slightly inclined

to it were substituted, in which case the whole of the dif-

ferences between observation and theory from 1712 to 1800

would be annihilated, or at least so far reduced as hardly to

exceed the ordinary errors of observation ; and as respects

the observation of 1690, the still outstanding difference of

about 35" would not be more than might be attributed to a

not very careful observation at so early an epoch. Now the

assumption of such a new line of longitudes as the correct

one is in effect equivalent to the admission of a slight amount

of error in the periodic time and epoch of Uranus ; for it is

evident that by reckoning from the inclined instead of the

horizontal line, we in effect alter all the apparent outstanding

errors by an amount proportional to the time before or after

the date at which the two lines intersect (viz. about 1789).

As to the direction in which this correction should be made,

it is obvious by inspection of the course of the dots, that if

we reckon from A B, or any line parallel to it, the observed

planet on the long run keeps falling more and more behind

the calculated one ; i, e. its assigned mean angular velocity

by the tables is too great and must be diminished, or its

periodic time requires to be increased.

(766.) Let this increase of period be made, and in corres-

pondence with that change let the longitudes be reckoned on

ab, and the residual differences from that line instead of

A B, and we shall have then done all that can be done in
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the way of reducing and palliating these differences, and

that, with such success, that up to the year 1804 it might

have been safely asserted that positively no ground whatever

existed for suspecting any disturbing influence. But with

this epoch an action appears to have commenced, and gone

on increasing, producing an accclenition of the motion in

longitude, in consequence of which, Uranus continually gains

on its elliptic place, and continued to do so till 1822, when it

ceased to gain, and the excess of longitude was at its maxi-

mum, after which it began rapidly to lose ground, and has

continued to do so up to the present time. It is perfectly

clear, then, that in this interval some extraneous cause must

have come into action which was not so before, or not in

sufiicient power to manifest itself by any marked effect, and

that that cause must have ceased to act, or rather begun to

reverse its action, in or about the year 1 822, the reverse

action being even more energetic than the direct.

(76.7.) Such is the phasnomenon in the simplest form we

are now able to present ; i Of the various hypotheses formed

to account for it, during the progress of its developement,

none seemed to have any degree of rational probability

but that of the existence of an xterior, and hitherto

imdis(.^vered, planet, disturbing, according to the received

laws of planetary disturbance, the motion of Uranus by its

attraction, or rather superposing its disturbance on those

produced by Jui)iter and Saturn, ihc only two of the old

planets which exercise any sensible disturbing action on that

planet. Accordingly, c'uis was the explanation which na-

turally, and almost of necessity, suggested itself to those

convei-sant v/ith the planetary perturbations who considered

the subject with any degree of attention. The idea, however,

of setting out from the observed anomalous deviations, and

employing them as data to ascertain the distance and situation

of the unknown body, or, in other words, to resolve the in-

verse problem of perturbations, "given the disturbances to^nd

the orbit, and place in that orbit of the disturbing planet"

appears to have occurred only to two mathematicians,

Mr. Adams in England and M. Levenier in France, with
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sufficient distinctness and hopefulness of success to induce

them to attempt its solution. Both succeeded, and their

solutions, arrived at with perfect independence, and by each

in entire ignorance of the other's attempt, were found to

agree in a surprising manner when the nature and diffi-

culty of the problem is considered ; the calculations of M.

Leverrier assigning for the heliocentric longitude of the

disturbing planet for the 23d Sept. 1846, 326° 0', and those

of Mr. Adams (brought to the same date) 329° 19', differing

only 3° 19' ; the plane of its orbit deviating very slightly, if

at all, from that of the ecliptic.

(768.) On the day above mentioned — a day for ever

memorable in the annals of astronomy— Dr. Galle, one of the

astronomers of the Royal Observatory at Berlin, received a

letter from M. Leverrier, announcing to him the result he had

amved at, and requesting him to look for the disturbing

planet in or near the place assigned by his calculation. He did

so, and on that very niffht actually found it. A star of the

eighth magnitude was seen by him and by M. Encke in a

situation where no star was marked as existing in Dr. Bre-

miker's chart, then recently published by the Berlin Academy.

The next night it was found to have moved from its place,

and was therefore assuredly a planet. Subsequent observa-

tions and calculations have fully demonstrated tliis planet,

to which the name of !N eptune has been assigned, to be really

that body to whose disturbing attraction, according to the

Newtonian law of gravity, the observed anomalies in the

motion of Umnus were owing. The geocentric longitude

aetermined by Dr. Galle from this observation was 325° 53',

which, converted into heliocentric, gives 326° 52', differing

0° 52' from M. Leverrier's place, 2° 27' from that of Mr.

Adams, and only 47' from a mean of the two calculations.

(769.) It would be quite beyond the scope of this work, and

far in advance of theamountofmathematical knowledge we have
assumed our readers to possess, to attempt giving more than

a superficial idea of the course followed by these geometers in

their arduous investigations. Suffice it to say, that it consisted

in regarding, as unknown quantities, to be detcnnined, the

l llfIf-^f '•fitf''"tf
^^^ti^»-iJ^»^«!^a»^a3fc-a^.«i^.
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mass, and all the elements of the unknown planet (supposed to

revolve in the same plane and the same direction with Uranus),

except its major semiaxis. This was assumed in the first

instance (in conformity with " Bode's law," art. (505.), and
certainly at the time with a highprimafacie probability,) to be
double that of Uranus, or 38-364 radii of the Earth's orbit.

Without some assumption as to the value of this element, owing
to the peculiar form of the analytical expression of the per-

turbations, the analytical investigation would have presented

difficulties apparently insuperable. But besides these, it was
also necessary to regard as unknown, or at least as liable to

corrections of unknown magnitude of the same order as the

perturbations, all the elements of Uranus itself, a circumstance

whose necessity will easily be understood, when we consider

that the received elements could only be regarded as pro-

visional, and must certainly be erroneous, the places from

which they were obtained being affected by at least some

portions of the very perturbations in question. This con-

sideratior, though indispensable, added vastly both to the

complication and the labour of the inquiry. The axis (and

therefore the mean motion) of the one orbit, then, being

known very nearly, nnd that of the other thus hypothetically

assumed, it became practicable to express in tenns, partly

algebraic, partly numerical, the amount of perturbation at

any instant, by the aid of general expressions deUvered by
Laplace in his " Mecanique Celeste" and elsewhere. These,

then, together with the corrections due to the altered elements

of Uranus itself, being applied to the tabular longitudes, fur-

nished, when compared withthose observed, aseriesofeywaftoHs,

in which the elements and mass of Neptune, and the corrections

of those of Uranus entered as the unknown quantities, and by
whose resolution (no slight efltbrt of analytical skill) all their

values were at length obtained. The calculations were then

repeated, reducing at the same time the value of the assumed
distance of the new planet, the discordances between the

given and calculated results indicating it to have been
assumed too large when the results were found to asree

better, and the solutions to be, in fact, more satisfactory.

1
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Thus, at length, elements were arrived at for the orbit of

the unknown planet, as below.

Lcvcrrler. Adami.

Epoch of Elements . - -

Mean longitude in Epoch
Semiaxis Major - - - -

Excentrieity - _ -

Longitude of Perihelion . • -

Mass (the Sun being 1) -

Jan. 1. 1847.

318° '*7'4

36-1539
0-107610
284° 45' 8

0-00010727

Oct. 6. 1846.

323° 2'

37 -2474

0-120615
299° 11'

0-0001 S(X)3

The elements of M. Leverrier were obtained from a consider-

ation of the observations up to the year 1845, those of Mr.

Adams, only as far as 1840. On subsequently taking into

account, however, those of the five years up to 1845, the

latter was led to conclude that the semiaxis ought to be still

much further diminished, and that a mean distance of 33-33

(being to that of Uranus as 1 : 0-574) would probably satisfy

all the observations very nearly.*

(770.) On the actual discovery of the planet, it was, of

course, assiduously observed, and it was soon ascertained that a

mean distance, even less than Mr. Adams's last presumed value,

af^reed better with its motion ; and no sooner were elements

obtained from direct observation, sufficiently approximate to

trace back its path in the heavens for a considerable interval

of time, than it was ascertained to have been observed as a star

by Lalande on the 8th and 10th of May, 1795, the latter of

the two observations, however, having been rejected by him

as faulty, by reason of its non-agreement with the former (a

consequence ofthe motion of the planet in the interval). From

these observations, combined with those since accumulated, the

elements calculated by Prof.Walker, U. S., result as follows :
—

Epoch of Elements - - - Jan. I. 1847, M. noon, Greenwich.

Mean longitude at Epoch - - 328° 32' 44" 2

Semirxis mnjor - - -

Ezcentricity . . -

Longitude of the Perihelion

Ascending Node
Inclination

Periodic time

Mean annual Motion

30-0367
0-00871946

47° 12' 6"-50

1 30° 4' 20" -81

1° 46' S8"-97

164-6181 tropical year.

2°-18683

• In a letter to the Astronomer Royal, dated Sept. 2. 1846,— 1.«. three

irecks previous to the optical discovery of the planet.

:^>y:!,-ii:.^mJii!m^m:i^::.*mi^tS.,.^.:^ ,t
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(771.) The great Jisagrocment between these elements
and those assigned either by M. Leverrier or Mr. Adams will
not full to be remarked ; and it will naturally be asked how
it has come to pass, that elements so widely different from the
truth should afford anything Uke a satisfactory representation of
the perturbation in question, and that the true situation of the
planet in the heavens should have been so well, and indeed
accurately, pointed out by them. As to the latter point, any
one may satisfy himself by half an hour's calculation that
both sets of elements do really place the planet, on the day
of its discovery, not only in the longitudes assigned in art.

763., i. e. extremely near its apparent place, but also at a
distance from the Sun very much more approximately cor-

rect than the mean distances or semiaxcs of the respective

orbits. Thus the radius vector of Neptune, calculated from
M. Leverrier's elements for the day in question, instead of
36-1539 (the mean distance) comes out almost exactly 33

;

and indeed, if we consider tliat the excentricity assigned by
those elements gives for the perihelion distance 32-2634, the
longitude assigned to the perihelion brings the whole arc of
the orbit (more than 83°), described in the interval from 1806
to 1847 to lie within 42° one way or the other of the perihe-
lion, and theretore, during the whole of that interval, the
hypothetical planet would be moving within limits of distance
from the sun, 32-6 and 33-0. The following comparative
tables of the relative situations of Uranus, the real and hy-
pothetical planet, will exhibit more clearly than any lengthened
statement, the near imitation of the motio-? of the former
by the latter within that interval. The k ^

' udes are helio-
centric*

• The calRulationt a.e carried only to tenths of degrees, at quite sufficient for
the object in view.

J46,— t. «. three
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A.U.

Uramu. Neptun*. Lererrler.

1

Adami.

1805-0

Long. Long. Had. Vec. Long. nail. Vec. Long. Rad.Vec.

107° -8 235° -9 30-3 241°-2 33-1 2 16° •.'5 34-2

18100 220-9 247-0 30-3 251-1 32-8 255-9 33-7

18130 243-2 258-0 30-3 261-2 32-5 265-5 33 -3

18^0-0 264-7 268-8 30-2 27 1 -4 32-4 275-4 33-1

1821 26 9 -O 271-0 30-2 273-5 32-3 277-4 33

182!20 273-3 273-2 30-2 2756 32-3 279-5 33-0

18230 277-6 275-3 30-2 277-6 32-3 281-5 32-9

1824 28 1
-8 fl77-4 30-2 279-7 3'i-3 283-6 32-9

1825 285 -8 279 6 SO -2 281-8 323 285-6 32-8

18!i0 306-1 290-5 301 292-1 32 3 296-0 32-8

18350 326-0 301 -4 30 1 302-5 32-4 306 -3 32-8

1840 -0 345-7 312-2 30 1 3I2-(i 32-6 316-3 32-9

1845 365 3 323-1 30 322-6 32-9 326-0 33-1

1847-0 373-3 327-6 30 326-5 33 1 329 -3 33-2

(772.) From this comparison it will be seen thtit Uramia

arrived at its conjunction with Neptune at or immediately

before the commencement of 1822, with the calculated planet

of Leverricr at the beginning of the following year 1823, and

with that of Adams about the end of 1824. Both the theo-

retical planets, and especially that of M. Leverrier, therefore,

during the whole of the above interval of time, so far as the

directions of their attractive forces on Uranus are concerned,

would act nearly on it as the true planet must have done.

As regards the intensity of the relative disturbing forces, if

we estimate these by the principles of art. (612.) at the epochs

of conjunction, and for the commencement of 1805 and 1845,

we find for the respective denominators of the fractions of the

sun's attraction on Uranup regarded as unity, which express

the total disturbing force, N S, in each case, as below :

Neptune with

(Peircc's mass

Stiuve's mass

19840

1_
14496

Leverricr's tlieoreticnl Planet, mass —

—

1805. Conjunction. 1845.

27540 7508 SS390

20244 5519 23810

20837 5193 19935

The masses here assigned to Neptune are those respectively

deduced by Prof. Peirce and M. Struve from observations of

wa-WliiWi'ii'rli
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lfi°-5 34-2
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tho BtttoUito discovered by Mr. Lasscll made with the largo

telescopes of Fraunhofcr in the observatories of Cainbridgo,
U. S. and Pulkova respectively. These it will bo perceived
difTer very considerably, as might reasonably bo expected in
the results of micromctricul measurements of such dUHculty,
and it is not possible at present to say to which the preference
ought to be given. As compared with the mass assigned by
M. Struve, au agreement on the whole more satisfactory could
not have been looked for within tho interval immediately
in question.

(773.) Subject then to this uncertainty as to tho real mass
of Neptune, the theoretical planet of Lcverrier must bo con-
sidered as representing with quite as much fidelity as could
possibly be expected in a research of such exceeding delicacy,
the particulars of its motion and perturbativo action during
the forty years elapsed from 1805 to 1845, an interval wluch
(as is obvious from the rapid diminution of the forces on
either side of the conjunction indicated by the numbers here
set down) comprises all the most influential range of its

action. This will, however, be placed in full evidence by
the construction of curves representing the normal and tan-
gential forces on the principles laid down (as far as tho
normal constituent is concerned) in art. (717.), one slight
change only being made, which, for the purpose in view, con
duces greatly to clearness of conception. The force L 8 (in
the figure of that article) being supposed applied at P in the
direction L8, we here construct the curve of the normal
force by erecting at P (y?y. 5. Plate A) PW always perpen-
dicular to the disturbed orbit, A P, at P, measured from P
in the same direction that S lies from L, and equal in length
to L S. PW then will always represent both the direction
and magni^ I'l of the normal force actinff at P. And in like

manner, ii m o take always P Z on the tangent to the dis-

turbed orbit at P, equal to N L of the former figure, and
measured in the same direction from P that L is from
N, P Z will represent both in magnitude and direction
tho tangential force acting at P. Thus will be traced
out the two curious ovals represented in our figure of

N N
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their proper ft.rma and propcrtiona for the case in question.

Tliiit cxpiesHing the norniul force ie formed of four lobca,

having a common point in S, viz., S W m X S a S n S & S W,

and that expressing the tangential, AZc/Be</YAZ,
conaisting of four nmtually intersecting loops, surrounding

and touching the disturbed orbit in four point-. ABcrf.

The normal force acts outwartla over all that part of the

orbit, both in conjunction and opposition, correaponding to

the portions of the lobes in, n, exterior to tlie disturbed orbit,

and inwards in every other part. The figure ta in a clear

light the great disproportion between the energy of this force

near the conjunction, and in any other configuration of the

planets ; its exceedingly rapid degradation aa P approaches

the point of neutrality (whose situation is 35° 5' on cither side

of the conjunction, an arc described synodically by Uranus in

16''-72); and the comparatively short duration and consequent

ineffieacy to produce any great amount of perturbation, of the

more intense part of its inward action in the small portions of

the orbit corresponding to the lobes a, b, in which the lino

representing the inward force exceeds the radius of the

circle. It exhibits, too, with no less distinctness, the gradual

developemcnt, and rapid degradation and extinction of the

tangential force from its neutral points, c, d, on either side

up to the conjunction, where its action is reversed, being

ttccelerative over the arc d A, and retardative over A c, each

of which arcs has an amplitude of 71° 20', and is described

by Uranus synodically in 34»-00. The insignificance of the

tangential force in the configurations remote from conjunction

throughout the arc c B rf is j-lso obviously expressed by the

small comparative developemcnt of the loops e,f.

(774.) Let us now consider how the action of these forces

results in the production of that peculiar character of per-

turbation which is exhibited in our curve, Jig. 4. Plato

A. It is at once evident that the inciease of the longitude

from 1800 to 1822, the cessation of that increase in 1822,

and its conversion into a decrease during the subsequent

interval is in complete accordance with the growth, rapid

decay, extinction at conjunction, and subeequent reproduction
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in a rcvcrnod acnso of the tangential force : ao that ve cannot
hesitate in attributing the greater part of the perturbation

expressed by the swell and subsidence of the curve between
the years 1800 and 1845,— all that part, indeed, which
is symmetrical on either aide of 1822— to the action of the
tangential force.

(775.) But it will bo a^^ked, — has then the normal force

(which, on the plain showing of Jiff. 5., is nearly twice as

powerful as the tangential, and which does not reverse its

action, like tlio latter force, at tl -^ point of conjunction, but,

on the contrary, is there most '.ncrgetio,) no influence in

producing the observed effects? We answer, very little,

within the period to which observation had extended up to

1845. The effect of the tangential force on the longitude is

direct and immediate (art. 660.), that of the normal indirect,

consequential, and cumulative with the progress of time
(art. 734.). The effect of the tangential force on the mean
motion takes place through the medium of the change '.i pro-
duces on the axis, and is transient : the reversed action after

conjunction (supposing the orbits circular), exactly destroying
all the previous effect, and leaving the mean motion on tho
whole unaffected. In the passage through the conjunction,
then, the tangential force produces a sudden and powerful
acceleration, succeeded by an equally powerful and equally
sudden retardation, which done, its action is completed, and
no trace remains in tho subsequent motion of the planet that
it ever existed, for its action on the perihelion and excentricity

is in like manner also nuKified by its reversal of direction.

But with the normal force the case is far otherwise. Its

immediate effect on tho angular motion is nil. Tt is not till

it has acted long enough to produce a perceptible change in

the distance of the disturbed planet from the sun that the
angular velocity begins to be sensibly affected, and it is not
till its whole outward action has been exerted (i. e. over the
whole interval from neutral point to neutral point) that its

maximum effect in lifting the disturbed planet away from
the sun has been produced, and the full amount of diminution
in angular velocity it is capable of causing has been developed.

NN 2
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This continues to act in producing a retardation in longitude

long after the normal force itself has reversed its action, and

from a powerful outward force has become a feeble inward

one. A certain portion of this perturbation is incident on

the epoch in the mode described in art. (731.) et seq., and

permanently disturbs the mean motion from what it would

have been, had Neptune no existence. The rest of its effect

is compensated in a single synodic revolution, not by the

reversal of the action of the force (for that reversed action is

far too feeble for this purpose), but by the effect of the per-

manent alteration produced in the excentricity, which (the axis

being unchanged) compensateo by increased proximity in one

part of the revolution, for increased distance in the other.

Sufficient time has not yet elapsed since the conjunction to

brins out into full evidence the influence of this force. Still

its commencement is quite unequivocally marked in the more

rapid descent of our curve Jig. 4., subsequent to the con-

junction than ascent previous to that epoch, which indicates

the commencement of a series of undulations in its future

course of an elliptic character, consequent on the altered ex-

centricity and perihelion (the total and ultimate effect of thl^

constituent of the disturbing force) which will be maintained

till within about 20 years from the next conjunction, with

the exception, perhaps, of some tiifling inequalities about the

time of the opposition, similar in character, but far inferior

in rjagnitude to those now under discussion.

(776.) Posterity will hardly credit that, wHh a full know-

ledge of all the circumstances attending this great discovery

— of the calculations of Leverrier and Adams— of the com-

munication of its predicted place to Dr. Galle— and of the

new planet being actually found by him in that place, in the

remarkable manner above commemorated; not only have

doubts been expressed as to the validity of the calculations

of those geometers, and the legitimacy of their conclusions,

but these doubts have been carried so far as to lead the

objectors to attribute the acknowledged fact of a planet pre-

viously unknown occupying that precise place ia the heavens
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at that precise time, to sheer accident I
* What share accident

may have had in the successful issue of the calculations, we
presume the reader, after what has been said, will have little

difficulty in satisfying himself. As regards the time when
the discovery was made, much has also been attributed to

fortunate coincidence. The following considerations will, we
apprehend," completely dissipate this idea, if still lingering in

the mind of any one at all conversant with the subject The
period of Uranus being 84-0140 years, and that of Neptune
164-6181, their synodic revolution (art. 418,), or the interval

between two successive conjunctions, is 171-58 years. The
late conjunction having taken place about the beginning of

1822; that next preceding must have happened in 1649, or

more than 40 ycnra before the first recorded observation of

Uranus in 1890; say nothing of its discovery as a planet.

In 1690, then, it must have been effectually out of reach ofany
perturbative influence worth considering, and so it remained'
during the whole interval from thence to 1800. From that

time the effect of perturbation began to become sensible, about
1805 prominent, and in 1820 had nearly reached Its maximum.
At this epoch an alarm was sounded. The maximum was
not attained,— the event, so important to astronomy, was still

• These doubts senm to have originated partly in tlie great disagreement
between the predicted and real elements of Neptune, partly in the near {potaiUy
precise) commensurability of the mean motions of Neptune and Uranus, We
conceive them however to be founded in a total misconception of the nature of
the problem, which was not, from such obviously uncertain indications as the
observed discordances could give, to determine as astronomical quantities the
axis, excentricity and mass of the disturbing planet; but practically to discover
where to look for it : when, if once found, these elements would be far better
ascertained. To do this, any axil, excenMcity, perihdion, and mast, however wide
of the truth, which would represent, even roughly the amount, but with tolerable
correctnesi the direction of the disturbing forco during the very moderate inter-
val when the departures from theory were really considerable, would equally
serve their purposes ; and with an excentricity, mass, and perihelion disposable,
it is obvious that any assumption of the axis between the limits 30 and 38, nav,
even with a much wider inferior limit, would serve the purpose. In his attempt
to assign an inferior limii to th^ axis, and in the value so assigned, M. Leverrier,
it must be admitted, was not successful. Mr. Adams, on the other hand, in-
fluenced by no considerations of the kind which appear to have weighed wuh
his brother geometer, tixed ultimately (as we have seen) before the actual dis-
cocery of the planet, on an axis not very egrcgiously wrong. Still it were to he
wished, far the satisfaction of all parties, that some one would undertake the
problem de novo, employing formula; not liable to the passage through infin.ty,
which, techtiically speaking, hampers, or may be supposed to hamper, the con-
tinuous application of the usual perturbational formula; when cases of coumieii-
surahility occur.

N N 3
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in progress of developement,—when the fact (any thing rather

than a striking one) was noticed, and made matter of com-

plwnt. But the time for discussing its cause with any

prospect of success was not yet come. Every thing turns

upon the precise determination of the epoch of the maximum,

whon the perturbing and perturbed planet were in conjunc-

tion, and upon the law of increase and diminution of the pertur-

bation itself on either side of that point. Now it is always

diflScuIt to assign the time of the occurrence of a maximum

by observations liable to errors bearing a ratio far from

inconsiderable to the whole quantity observed. Until the

lapse of some years from 1822 it would have been impossible

to have fixed that epoch with any certainty, and as respects

the law of degradation and total arc of longitude over which

the sensible perturbations extend, we are hardly yet arrived

at a period when this can be said to be completely deter-

minable from observation alone. In all this vo see nothing

of accident, unless it be accidental that an event which must

have happened between 1781 and 1953, actually happened

in 1822 ; and that we live in an age when astronomy has

reached that perfection, and its cultivators exercise that vi-

gilance which neither permit such an event, nor its scientific

importance, to pass unnoticed. The blossom had been watched

with interest in its developement, and the fruit was gathered

in the very moment of maturity.*

(776 a.) In the foregoing chapters we have enumerated

and described the several bodies so far as known of which

our system consists, and have shown how their mutual dis-

tances from and their motions with respect to each other may

* The student who may wish to see the pertutbations of Uranus produced

by Neptune, as computed from a knowledge of the elements and mass of that

planet, such as we now know to be pretty near the truth, will find them stated

at length from the calculations of Mr. Walker, (of Washington, U. S.) in the

"Proceedings of the American Academy of Arts and Sciences," vol. i. p. 334.

«t seq. On examining the comparisons of the results of Mr. Walker's formulae

with those of Mr. Adams's theory in p. 342, ho will perhaps be surprised at the

enormous difference between the actions of Neptune and Mr. Adams's ** hypo-

thetical planet " on the longitude of Uranus, This is easily expbuned. Mr.

Adams's perturbations are deviations from Bouvard's orbit of Uranus, as it stood

immediately previous to the late conjunction. Mr. Walker's are the deviations

from a mean or undisturbed orbit freed from the influence of the long inequality

resulting from the near commensurability of the motions.

»&^,-
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be determined, and their masses compared with that of the

central body, and ultimately with that of our own planet as

a unit of reference ; but nothing has been said respecting the

means by which that unit itself can be brought into com-
parison with the mass, weight, or inertia of those portions of

its substance which we see and handle on its surface. This

datum— the total weight of the earth itself— the number
of times that its entire mass exceeds that of a pound of lead

or other matter— or in other words (its bulk being accu-

rately known), its mean density— remains up to this point

of the present work undetermined, and is the one thing want-
ing to complete our knowledge of the data of our system and
fully to connect astronomy with ordinary mechanics. We
shall now therefore proceed to explain the methods by which
this has been accomplished.

(776 b.) The principle which at once suggests itself to every

mind is to measure the direct attraction, if it be possible, of

some known mass, at some known distance, on some other.

We say, if it be possible, because whatever notion we may
form a priori of the weight of the earth as estimated in

pounds or tons, it is clearly something enormous; and more-

over, since it follows from the law of gravitative attraction *

that the attractions of spheres of equal density on points at

their surface are to each other as their radii, the attraction

of a globe a foot in diameter, of the same average density of

the earth, on a material point at its own surface would only

amount to the 41,849,280th part ofthe weight of such material

point; and therefore its attraction on a spherical body,

suppose also a foot in diameter, placed in contact with it,

would only amount to one 167,397,120th part of the weight

of such body. Now when we have to deal with fractions of

such an order of minuteness, all ordinary modes of directly

measuring forces and weights break down, and the utmost

resources of invention and art must be taxed even to render

them perceptible, to say nothing of their precise determi-

nation.

(776 c.) The first and most obvious mode of producing a

• Princip. bk. I . prop, 72.

.«««
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magnified -^esult is to augment, in as high a ratio as possible,

the attrat-.ng mass; and therefore to substitute some great

natural mass of the most suitable form Avhich can be found,

for an artificial sphere. And as the resources afforded by

the integral calculus furnish the means of calculating the at-

traction of a body of any size and figure of known materials

on a point any where situated without it, the idea naturally

enough suggested itself to take some large mountain, of as

regular a shape as might be found, for the attracting body,

and to measure its attraction, on a principle pointed out by

Newton*, by the deviation from verticality of a plumb-line

suspended near it, which will necessarily be drawn aside

towards the mountain. As the deflexion to be expected

however, even in the case of a very large mountain, is still

exceedingly minute, the working out of this idea into prac-

tice calls for very exact and refined astronomical observations.

(776 rf.) In the first place the question arises in limine^

how are we to ascertain, at any place, what is a vertical di-

rection ? The deviated plumb-line, it is obvious, cannot give

us this information, nor can levels, for the surface of still

water is always at right angles to the single force, whatever

that may be, which results from a combination of all the

forces acting on it— in other words, to the direction of tlie

deviated plumb-line. Here it is that our knowledge of the

fiiTure and dimensions of the earth stand us in stead. We
cannot, it is true, remove the mountain so as to find where

the plumb-line would point, or the level rest in its absence;

but we can shift our station to the opposite side, and by

sidereal observation ascertain whether the direction of the

plumb-line has varied by more or less than the amount of

change due to such a change of station on the globe. Thus

then we proceed :
—

Suppose M the mountain, A B a circle of latitude passing

through two stations P, Q, at its foot, (or rather at such

heights on its slope as shall correspond to the maxima of

its lateral attraction,) at each of which let observations be

made with a portable zenith sector alternately established at

* Treatise on the System of the World in a popular way, (172R).
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one and the other of the zenith distances of some star pass-

ing very near the zenith of the mountain (so as to free tho

observations from uncertainty of refraction). Were there

no lateral attraction, the plumb-lines at both stations would

point directly to the center of curvature C of the terrestrial

spheroid (art. 219.), and the angle between them, P C Q,
would be the difference of latitudes of the stations. Now
the dimensions and ellipticity of the earth as a whole being

known, this latter difference can be independently determined

by a trigonometrical survey instituted for the purpose, a

base being measured, &nd the meridional distance P Q as-

certained by triangulation (art. 274. et seq.), which, converted

into seconds of latitude, gives the difference in question ; to

which, were there no local attraction, the observed difference

of zenith distances ought to correspond. But this will not be

the case. The mountain will attract the plummet both ways
inwards, into situations P K, Q R, including a greater angle

than P C Q, and this being the observed angle or apparent

difference of zenith distances— subtracting from it the dif-

ference qf latitude so independently obtained, the excess will

represent the sum of the two deviations north and south due

to tlie attraction required. The mountain has then to be

surveyed, and modelled, and mineralogical specimens taken

from every accessible part of it, and their specific gravities
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determined ; and thus, no matter with what amount of cal-

culation (for it ia no light task), the total lateral attraction

18 computed in units of some definite scale; such, for instance,

that each unit shall represent the total attraction of a sphere
of lib. weight, on a point 1 foot distant from its center. The
sum of all these units, each reduced to a horizontal direc-

tion, is the total lateral attraction of the mountain, and is

therefore to the total vertical attraction of the earth, as the
tangent of the deviation (taken so aa to divide the total ob-
served difference in the ratio of the computed attractions at
either station), is to radius.

(776 e.) The process is laborious and costly—^requires ex-

cellent instruments and the cooperation of more than one
practised observer. It has, however, been put in execution
on several occasions; viz., 1st, by the French Academi-
cians, Bouguer and La Condamine, who in the course of

their operations in Peru for the measurement of an arc of

the meridian (art. 216.) instituted observations of the kind
above described on Chimborazo in 1738. Their means of

observation, however, were not such as to afford any distinct

result, though a deviation of the plumb-line to the amount of

about 11" appears to have been obtained. 2nd, by Maske-
lyne, in 1774, on the mountain Schehallien in Scotland, a

mountain, not indeed of anygreat magnitude, being only about
3000 feet in altitude, but well situated, and otherwise well

adapted for the experiment. It was successful. A joint

amount of the lateral deviations on either side, of 11 ""6, was
well ascertained to be produced by the local attraction, and
the calculations being executed, (by Dr. Hutton and sub-

sequently by Professor Playfair,) a result entitled to some
reliance was obtained, according to which the mean density

of the earth comes out 4*713 times that of water at the sur-

face. More recently, we find a series of observations in-

stituted by CoL James, Superintendent of the Ordnance
Survey, on Arthur's Seat near Edinburgh *, by which, from a
deflexion of 2"-21 observed on the north and of 2"'00 on the
south side of that mountain, a mean density results of 5 '3 1 6.

* Phil. Tr. 1856, p. 591.
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(776 /.) Observations of the time of oscillation of a pen-

dulum afford (see art. 235.) a direct measure of the force by

which the oscillating mass is urged vertically downwards.

Hence it follows that if this time be very precisely deter-

mined, both at the summit and at the foot of a mouatain or

elevated table land, the attraction of the mass of such moun-

tain or table land vertically downwards will become known.

For gravity decreasing inversely as the square of the dis-

tance would be enfeebled by the increase of that distance in

a proportion which can be precisely calculated from the

known height of the upper station ; and therefore, could the

pendulum be supported in the air at that height, the increase

of its time of oscillation, under those circumstances, would

be exactly known by calculation. But being supported on

a mountain mass, protruding above the level surface of the

terrestrial spheroid, the attraction of that mass acta on it in

addition to the so diminished force of general gravitation,

and prevents it from losing on the sea ^evel rate so much as

it would do were the mountain devoid of attractive power.

Experiments of this nature have been made by the Italian

astronomers Plana and Carlini on Mont Cenis in Savoy, and

the result, all computations executed, have given 4*950 for

the mean density in question.

(776 ff.)
But it is also possible to descend below, as well

as to rise above, the general sea-level, and to observe the

pendulum at great depths below that level, as in deep mines.

It was shown by Newton* that the attraction cf a hollow,

spherical, homogeneous shell on a point however situate

within it, is simply nil, i.e. that the material point so placed

is equally attracted by it in all directions. Hence by de-

scending below the surface, we set ourselves free of the at-

traction of the whole spherical shell exterior to the point of

observation, and the remaining attraction is the same as that

of the whole interior mass collected in its center. This may,

or may not, be less than the attraction of the whole earth on

a point at its surface. It will be less if the earth be homo-

geneous or of the same density throughout; for in that

• Princip. Lib. i. Prop. 70.

IP* nmmmmmmi-A
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I

case Newton has sliown* that the attractive forces of the

whole sphere, and of the interior sphere, each on a point on

its own surface, arc to each other as their radii. But if the

internal portions of the earth be more dense than the external,

(as they must be if the foregoing determinations be any ap-

proach to truth,) it may be greater. The experiment has

been made, on three several occasions, by the present Astro-

nomer Royal (Mr. Airy). On the two first in the Dolcoath

mine in Cornwall at a depth of 1200 feet— a clock and
pendulum were transported alternately to the bottom and the

mouth of the shaft. On both these occasions the arrangements

were defeated ; on the first, by the accidental combustion

of the packages of instruments in mid-air while in the act of

raising them from below, attended with their precipitation

down the shaft of the mine ; on the other, by the subsidence

of a mass of rock, " many times the size of Westminster

Abbey," during the experiments, deluging the mine with

water and forcing a premature conclusion. The third at-

tempt, (in the Harton Coal Pit, near South Shields, 1200

feet in depth,) proved perfectly successful, and the oscillations

of the pendulum below being compared with those of the

clock above, by the immediate transmission of the beats of

the latter down the mine by an electric wire, the great diffi-

culty (that of the exact transmission of time) was annihilated.

The result of this experiment was that a pendulum vibrating

seconds at the mouth of the pit, would gain 2^ sec. per day

at its bottom ; and the final result (of which the calculations

have very recently been published f) gives 6*565 for the

mean density of the earth.

(776 h.) The difference between these several results is

considerable, and even the interval b«tvfeen the last men-

tioned and the highest of the others pretty large: it is

bridged over however, so to speak, and the interval partly

filled up, by the results of a totally different class of experi-

ments of a much more cuiious and artificial nature, which we
have now to describe. W 5 have already seen (art. 234.) that

the force of gravity may bo brought directly into comparison

• Piiiicip. Lib. i. Prop. 73. f Phil. Trans. 1856, p 297.

]
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with other material forces by using as an intermedium tho

elastic power of a spring. What is true of gravitation to

the whole mass of the earth is equally so of gravitation to-

wards any material mass, as a leaden ball. It may bu

measured by equilibrating it with the tension of a spring;

provided, Ist, that we can frame a spring so delicate as to be

visibly and measurably affected by so minute a force ; 2ndly,

that the force can be so applied as to be the onlt/ force tend-

ing to bend the spring, a condition which implies that it shall

act on it, not vertically, but horizontally, so as to eliminate the

weight of the spring, or at least prevent its being mixed up

with the result ; and, 3rdly, that we shall possess some in-

dependent means of measuring the elastic power of the spring

itself. All these conditions are satisfied by the balance of

torsion, devised by Michell with a view to this enquiry, and ap-

plied, after his death, to the intended purpose by Cavendish, in

the celebrated experiment usually cited as " the Cavendish

Experiment."*

(776 I.) The apparatus consists essentially of a long wooden

rod made so as to unite great strength with little weight;

carrying at its extremities two equal balls A,B, and suspended

in a horizontal situation by a wire no thicker than necessary

securely to sustain the weight, from a point over its center

* Phil. Trans. 1798, 469. Cavendish expressly states that Michell's inven-
tion of this beautirul instrument, and his communication of it to him, was antece-

dent to the publication of Coulomb's researched.
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of gravity, the wire being arranged aa in the figure, so as to

relieve the rod of the weight of the balls, its office being

solely to keep them apart at a given horizontal distance. It

is evident that when suspended from C, and allowed to take

its position of equilibrium undisturbed by any external force,

the rod will assume such a situation that the wire C D shall

be quite devoid of torsion ; but that if the rod A B bo dis-

turbed from this neutral position, C D remaining vertical, tho

clastic force of the wire called into action by the torsion so

induced will tend to bring it back to the point of departure

by a force proportional to the angle of torsion. "When so

disturbed then, and abandoned to itself, it will oscillate

backward and forward in horizontal arcs, the oscillations

being all performed in equal times; and from the time observed

to be occupied in each oscillation, the weights of tho bulls

and that of the rod being known, we are able, from dynamical

principles, to determine the motive fore: by which the Aviro

acts on the balls, or the force of torsion. Suppose, now,
two heavy leaden spheres to be brought, laterally, up nearly

into contact, tho one with A, the other with B, but on oppo-

site sides of them, they will attract A,B, and their attrac-

tions will conspire in twisting the wire the same way; so that

the point of rest will be changed from the original neutral

point to one in which the torsion shall just counterbalance

the attractions. By shifting the attracting balls alternately

to the one and the other sides of A B, these will assume posi-

tions of rest alternately on opposite sides of the original

neutral point, and equidistant from it, so that the deviation,

if any, shall thus become doubled in its effect on the read-

ings off of a scale marked by a pointer at the end of the rod,

which may be observed through a telescope placed, at a dis-

tance, so that the approach of the observer's person may create

no disturbance.

(776 J.) Practically, the observation is not so simple as in

the above statement. The balls can hardly ever be brought

completely to rest ; and the neutral point has to be concluded

by noting the extremes of the arc of oscillation, perpetually

diminishing by the resistance of the air. And when tho

I ±
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attracting balls are brought into action, their attraction (act-

ing laterally, according to the inverse squares of the distances)

mixes itself with the force of torsion, to produce a compound
law of force, under whose influence the times, velocities, and

arcs have a different relation from those duo to the torsion

alone, and which, when investigated rigorously, lead to cal-

culations of great complexity. Fortunately, the extreme

minuteness of the attractive forces dispenses with a rigorous

solution of this problem, and allows of a very simple and

ready approximation, tiuite exact enough for the purpose.

But besides these, a host of disturbing influences, arising

from currents of air induced by diftorenco of temperature,

has to be contended with or guarded against, so as to render

the experiment one of great diflSculty and full of niceties, the

mere enumeration of which here, however, would lead us far

beyond our limits. *

(776 h.) The experiment, as conducted by Cavendish,

afforded as its final result 5*480. Repeated since, with

greater precautions, by Professor Reich, 5*438 was obtained

;

and still more recently, by the late F. Baily, in a series of

experiments exhibiting an astonishing amount of skill and

patience in overcoming the almost innumerable obstacles to

complete success, 5"660; a result undoubtedly preferable to

the two former. Thus the final result of the whole enquiry

•will stand as below, the densities concluded being arranged

in order of magnitude :
—

Schehallien experimtint, by Maskclyne, calculated by PUyfair D= 4 -71

3

Carlinl from pendulum on Mount Cenis (corrected by Giulio) - 4'950
Col. James from attraction of Arthur's Seat - • - 5 '31

6

Reich, repetition of Cavendish experiment ... 5-438
Cavendish, result 5-480, corrected by Mr. Daily's recomputation - 5-448
Baily's repetition of Cavendish experiment ... 5-660
Airy, from pendulum in Harton coal-pit.... 6'565

General mean , - - 5-44 If
Mean of greatest and least . 5'639

* The reader is warned to be on his guard against acceptmg as correct an
account of the principle of the Cavendish experiment, professing to emanate
from one very high astronomical authority, and passed without note or comment
(and therefore so far sanctioned) by another, but which involves a total miscon-
ception of its true nature ( Ara^o, Ltzione di Attronomia tradutle ed annotate di

E. Copocci, Napoli, 1851, p. 238.)

t Newton, by one of his astonishing divinations, had already expressed his

1
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(776 /.^ Calcdtnting on 5^ aa ii rcHult sufficiently approxi-

mative iinrj convenient for memory; taking the mean diameter

of tho earth, considered aa a Bphcre, at 79 1 2-4 1 miles, and

the weight of a cubic foot of water at 62*3211 lbs.; wo find

for its solid content in cubic miles, 259,373 millions, nnd for

its wf'idit in tons of 2240 lbs. avoird. each, 5842 trillions (=s

5842 y '^'»).

opinion that the mcnn deniity of the earth would bo fuund tu be between five

•nd lis timet that of water. (Prino. iii. la)
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PART TIT.

OP filDKREAL ASTRONOMY.

CITArXER XV.

or THE KIXED STARS. THEIR CI.ASSiriCATION DT MAGNITUDES.
I'llOTOMETUIO SCALE OK MAGNITUDES.— CONVENTIONAL OR VUL-
GAR SCALE.— I'llOrOMETUlC COMPARISON OF STAllS DI8TIUUU-
TION OK STARS OVEU THE HEAVENS.— OK THE MILKY WAV OR
GALAXY. —ITS SUPPOSED FORM THAT OKA FLAT 8TKATUM PAR-
TIALLY SUBDIVIDED.— ITS VISIIJLE COURSE AKONO THE CONSTEL-
LATIONS. — ITS INTEItNAL STUUCTUHE ITS 'PARENTLY INDE-

^FINITE EXTENT IN CEUTAIN DIRECTIONS 01 THE DISTANCE OP
THE FIXED STARS. — THEIR ANNUAL PARAI.I A.\ —PARALLACTIC
UNIT OF SIDEREAL DISTANCE.— EFFECT OF PARAi < AX ANALOGOUS
TO THAT OF ABERRATION.— HOW DI8TINQUI8HEI i UOM IT DE-
TECTION OF PARALLAX BY MERIDIONAL OBSERV noNS.— JIKN-
DERSON's APPLICATION TO a CENTAURI. —BY DlFl ItENTIAL OB-
SERVATIONS. DISCOVERIES OF BESSEL AND 8TRU K LIST OF
STARS IN WHICH PARALLAX HAS BEEN DETECTED OF THE REAL
MAGNITUDES OF THE STARS.— COMPARISON OF THEIR LIGHTS
WITH THAT OF THE SUN.

(777.) Besides the bodies wo have described ir the foro
going chapters, the heavens present ua with an in iinerablo
multitude of other objects, which are called genera v by the
uame of stars. Though comprehending individuals lif}erin<>-

from each other, not merely in brightness, but in ma y other
essential points, they all agree in one attribute, - a high
degree of permanence as to apparent relative situation This
has procured them the title of "fixed stars;" an ex| ession
which is to be understood in a comparative and not ai abso-
lute sense, it being certain that many, and probable tlat all,

are in a state of motion, although too slow to be perceptible

o o



562 OUTLINES OF ASTRONOMY.

iiTilesa by means of very delicate observations, continued

during a long series of years.

(778.) Astronomers are in the habit of distinguishing the

stars into classes, according to their apparent brightness.

These are tenned magnitudes. The brightest stars are said

to be of the first magnitude; those which fall so far ehort

of the first degree of brightness as to make a strongly marked

distinction are classed in the second ; and so on down to the

sixth or seventh, which comprise the smallest stars visible to

the naked eye, in the clearest and darkest night. Beyond

these, however, telescopes continue the range of visibility,

and magnitudes from the 8th down to the 16th are familiar to

those who are In the practice of using powerful instruments

;

nor docs there seem the least reason to assign a limit to this

progression ; every increase in the dimensions and power of

instruments, which successive improvements in optical science

have attained, having brought into view multitudes innu-

merable of objects invisible before; so that, for anyi thi^jg

experience has liitherto taught us, the number of the stars

may be really infinite, in the only sense in which we can

assign a meaning to the word.

(779.) This classification into magnitudes, however, it

must bo observed, is entirely arbitrary. Of a multitude

of bright objects, differing probably, intrinsically, both in

size and in splendour, and arranged at unequal distances from

us, one must of necessity appear the brightest, one next below

it, and so on. An order of succession (relative, of course, to

our local situation among them) must exist, and it is a matter

of absolute indifference, where, in that infinite progression

downwards, from the one brightest to the invisible, we choose

to draw our lines of demarcation. All this is a matter of

pure convention. Usage, however, has established such a

convention ; and though it is impossible to determine exactly,

or (i priori, where one magnitude ends and the next begins,

and although different observers have differed in their magni-

tudes, yet, on the whole, astronomers have restricted their

first magnitude to about 23 or 24 principal stars ; their

second to 50 or 60 next inferior ; their third to about 200 yet

M-ft-TCj.r'siKfsi;9rv>. wi.-swviWits mmiMuvimsmiil^J^
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smaller, and so on ; the numbers increasing very rapidly as
we descrnd in the scale of brightness, the whole number
of stars already registered down to the seventh magnitude,
inclusive, amounting to from 12000 to 15000.

(780.) As we do not see the actual d'sc of a star, but
judge only of its brightness by the total impression made
upon the eye, the apparent " magnitude " of any star will, it

is evident, depend, 1st, on the star's distance from us ; 2d, on
the absolute magnitude of its illuminated surface ; 3d, on the
intrinsic brightness of that surface. Now, as we know no-
thing, or next to nothing, of any of these data, and have
every reason for believing that each of them may differ in
different individuals, in the proportion of many millions to
one, it is clear that we are not to expect much satisfaction in
any conclusions we may draw from numerical statements of
the number of individuals which have been arranged in our
artificial classes antecedent to any general or definite principle
ofi arrangement. In fact, astronomers have not yet agreed
upon any principle by which the magnitudes may be photo-
metrically classed d priori, whether for example a scale of
brightnesses decreaskg in geometrical progression should be
adopted, each term being one half of the preceding, or one
third, or any other ratio, or whether it would not be prefer-
able to adopt- a scale decreasing as the squares of the terms
of an harmonic progression, i. e. according to the series 1,

h h tV> jVj &<^ The former would be a purely photometric
scale, and would have the apparent advantage that the light
of a star of any magnitude would bear a fixed proportion to
that of the magnitude next above it, an advantage, however,
merely apparent, as it is certain, from many optical facts, that
the unaided eye forms very different judgments of the pro-
portions existing between bright lights, and those between
feeble ones. The latter scale involves a physical idea, that of
supposing the scale of magnitudes to correspond to tlic ap-
pearance of a first magnitude standard star, removed succes-
sively to twice, three tunes, &c. its original or standard
distance. Such a scale, which would make the nominal
magnitude a sort of index to the presumable or average dis-

i
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tance, on the supposition of an equality among the real lightf»

of the stars, would facilitate the expression of speculative ideas

on the constitution of the sidereal heavens. On the other

hand, it would at first sight appear to make too small a differ-

ence between the lights in the lower magnitudes. For ex-

ample, on this principle of nomenclature, the light of a star

of the seventh magnitude would be thirty-six 49th8 of that

of one of the sixth, and of the tenth 81 hundredths of the

ninth, while between the first and the second the proportion

would be that of four to one. So far, however, from this

being really objectionable, it falls in well with the general

tenor of the optical facts already alluded to, inasmuch as the

eye (in the absence of disturbing causes) does actually discri-

minate with greater precision between the relative intensities

of feeble lights than of briglit ones, so that the frift-on fg

for instance, expresses quite as great a step downwards (phy-

siologically speaking) from the sixth magnitude, as ^ does

from the first. As the choice, therefore, so far as we can see,

lies between these two scales, in drawing the lines of demar-

cation between what may be termed the photomdrical magni-

tudes of the stars, we have no hesitation in adopting, and

recommending others to adopt, the latter system in preference

to the former.

(781.) The conventional magnitudes actually in use among

astronomers, so far as their usage is consistent with itself,

conforms moreover very much more nearly to this than to the

geometrical progression. It has been shown* by direct pho-

tometric measurement of the light of a considerable number

of stars from the first to the fourth magnitude, that if M be

the number expressing the magnitude of a star on the above

system, and m the number expressing themagnitude of the same

star in the loose and iriegular language at present conven-

tionally or rather provisionally adopted, so far as it can be col-

lected from the conflicting authorities of different observers,

the difference between these numbers, or M

—

m, is the same

in all the higher parts of the scale, and is less than half a»-mag-

• See " ReKults of Observations made ?.t the Cape of Good Hope, &c. &c."

u. All. By the Author.

iHiHani
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nitude (0". 414). The standard star assumed as the unit of
magnitude in the measurements referred to, is the brifht

southern star « Centauri, a star somewhat superior to Arcturus
in lustre. If we take the distance of this star for unity, it

follows that when removed to the distances 1-4 14, 2-414,

3-414, &c. its apparent lustre would equal those of average
stars of the Ist, 2d, 3d, &c. magnitudes, as ordinarily reckoned,

respectively.

(782.) The dilFcrence of lustre between stars of two con-
secutive magnitudes is so considerable as to allow of many
intermediate gradations being perfectly well distinguished.

Hardly any two stars of the first or of the second magnitude
would be judged by an eye practised in such comparisons to
be exactly equal in brightness. Hence, the necessity, if any-
thing like accuracy be auned at, of subdividing the magni-
tudes and admitting fractions into our nomenclature of
brightness. When this necessity first began to be felt, a
simple bisection of the interval was recognized, and the inter-

mediate degree of brightness was thus designated, viz. 1.2 m,
2.3 m, and so on. At present it is not unfrequent to find the
interval trisected thus: 1 m, 1.2m, 2.1m, 2m, &c. where
the expression 1.2 m denotes a magnitude intermediate be-
tween the first and second, but nearer 1 than 2 ; while 2.1 m
designates a magnitude also intermediate, but nearer 2 than
1. This may sufiice for common parlance, but as this depart-
ment of astronomy progresses towards exactness, a decimal
subdivision will of necessity supersede these rude foi-ms of
expression, and the magnitude will be expressed by an integer

number followed by a decimal fraction; as for instance, 2.51

which expresses the magnitude of 7 Geminorum on the

vulgar or conventional scale of magnitudes, by which we at

once perceive that its place is ahnost exactly half way
between the 2d and 3d average magnitudes, and that its

light is to that of an average first magnitude star in that scale

(of which a Orionis in its usual or normal state * may be
taken as a typical specimen) as 1 ' : (2-51) S and to that of «

• In tlic interval from 1836 to 1839 tliis star underwent considerable and re-
inarkable fluctuations of brightness.

oo 3
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Centauri as 1 ': (2-924)% making its place in the photometric

scale (ao defined) 2-924. Lists of stars northern and southern,

comprehending those of the vulgar first, second, and third

magnitudes, with their magnitudes decimally expressed in

both systems, will be found at the end of this work. The

light of a star of the sixth magnitude may be roughly stated

aT about the hundredth part of one of the first. Su-ius would

make between three and four hundred stars of that magnitude.

(783.) The exact photometrical determination of the com-

parative intensities of light of the stars is attended with many

and great difficulties, arising partly from their differences of

colour; partly from the circumstance that no invariable

standard of artificial light has yet been discovered ;
partly

from the physiological cause above alluded to, by which the

eye is incapacitated from judging correctly of the proportion

of two lights, and can only decide (and that with not very

great precision) as to their equality or inequality ; and partly

from other physiological causes. The least objectionable

method hitherto proposed would appear to be the following.

A natural standard of comparison is in the first instance

selected, brighter than any of the stars, so as to allow of

being equalized with any of them by a reduction of its light

optically eiFccted, and at the same time either invariable, or

at least only so variable that its changes can be exactly cal-

culated and reduced to numerical estimation. Such a

standard is offered by the planet Jupiter, which, being muoh

brighter than any star, subject to no phases, and variable in

li<Tht onlv bv the variation of its distance from the sun, and

which moreover comes in succession above the horizon at a

convenient altitude, simultaneously with all the fixed stars,

and, in the absence of the moon, twilight, and other disturb-

ing causes (which fatally affect all observations of this nature),

combines all the requisite conditions. Let us suppose, now,

that Jupiter being at A and the star to be compared with it

at B, a glass prism C, is so placed that the light of the

planet deflected by total internal rejiexion at its base, shall

emerge parallel to B E the direction of the star's visual ray.

After reflexion, let it be received on a lens D, in whose focus
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F, it will form a small bright star-like image capable of being
viewed by an eye placed at E, so far out of the axis of the cone
of diverging rays as to admit of seeing at the same time, and

with the same eye, and so comparing, tliis image with the
star seen directly. By bringing tlie eye nearer to or further
from the focus F, the apparent brightness of the focal point
will be varied in the inverse ratio of the square of the dis-

tance. E F, and therefore may be equalized, aa well as the eye
can judge of such equalities, with the star. If this be done
for two stars several times alternately, and a mean of the
results taken, by measuring EF, their relative brightness
will be obtained : that of Jupiter, the temporary standard of
compariaon, being altogether eliminated from the lesult.

(78 k) A moderate number of well selected stars being thus
photometrically determined by repeated and careful measure-
ments, 80 as to afford an ascertained and graduated scale of
brightness among the stars themselves, the intermediate steps

or grades of magnitude may be filled up, by inserting between
them, according to the judgment of the eye, other stars,

forming an aacending or descending sequence, each member
of such a sequence being brighter than that below, and less

bright than that above it; and thus at length, a scale of nume-
rical magnitudes will become established, complete in all its

members, -from Sirius, the brightest of the stars, down to the
least visible magnitude.* It were much to be wished that

• For the_ method of combining and treating such sequences, where accumu-
lated in considerable numbers, so as to eliminate from their results the influence
of erroneous judgment, atmospheric circumstances, &c., which often give rise to
coiitradiotory arrangementi in the order of sUrs differing but little in magnitude,

004
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this branch of astronomy, which at present can hardly be said

to be advanced beyond its infancy, were perseveringly and sys-

tematically cultivated. It is by no means a subject of mere

barren curiosity, as will abundantly appear when we come to

speak of the phasnomena of variable stars ; and being moreover

one in which amateurs of the science may easily chalk out for

themselves a useful and available path, may naturally be ex-

pected to receive large and interesting accessions at their hands,

(785.) If the comparison of the apparent magnitudes of tho

stars with their numbers leads to no immediately obvious con-

clusion, it is otherwise when we view them in connection with

their local distribution over the heavens. If indeed we confine

ourselves to the three or four brightest classes, we shall find

them distributed with a considerable approach to impartiality

over the sphere : a marked preference however being observ-

able, especially in the southern hemisphere, to a zone or belt,

following the direction of a great circle passing through e

Orionis and a Crucis. But if we take in the whole amount

visible to the naked eye, we shall perceive a great increase of

number as we approach the borders of the Milky Way. And
when we come to telescopic magnitudes, we find them

crowded beyond imagination, along the extent of that circle,

and of the branches which it sends off from it ; so that in fact

its whole light is composed of nothing but stars of every mag-

nitude, from such aa are visible to the naked eye down to tho

smallest point of light perceptible with the best telescopes.

(786.) These phenomena agree with the supposition that

the stars of our firmament, instead of being scattered in all

directions indifferently through space, form a 8tr.Titum of which

the thickness is small, in comparison with its length and

breadth ; and in which the earth occupies a place somewhere

about the middle of its thickness, and near the point where it

subdivides into two principal lamina;, inclined at a small angle

to each other (art. 302.). For it is certain that, to an eye so

as well as for an account of a scries of photometric comparisons (in which how-

ever, not Jupiter, but the moon, was used as an intermediate standard), see the

work above cited, note on p. 353. (Results of Observations, &c.) Prof. Heis

of ... is, so far as we are aware, the only observer who has adopted and citcnded

tho method of sequences there employed.
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nituatcd, the apparent density of the stars, supposing them

pretty equally scattered through the space they occupy, would

be least in a direction of the visual ray (as S A), perpendi-

cxUnr to the lamina, and greatest . in that of its breadth, aa

SB, S C, S D ; increasing rapidly in passing from one to the

other direction, just as we see a slight haze in the atmosphere

thickening into a decided fog bank near the horizon, by the

rapid increase of the mere length of the visual ray. Such is

the view of the construction of the starry firmament taken by

Sir William Herschel, whoso powerful telescopes first effected

a complete analysis of this wonderful zone, and demonstrated

the fact of its entirely consisting of stars. * So crowded are

they in some parts of it, that by counting the stars in a single

field of his telescope, he was led to conclude that 50000 had

passed under his review in a zone two degrees in breadth,

during a single hour's observation. In that part of the milky

way which is situated in \0h 30ot R A and between the

147th and 150th degree of N P D, upwards of 5000 stars

have been reckoned to exist in a square degree. The im-

mense distances at which the remoter regions must be situated

wiU sufiiciently account for the vast predominance of small

magnitudes which are observed in it.

(787.) The course of the Milky Way as traced through the

heavens by the unaided eye, neglecting occasional deviations

and following the line of its greatest brightness as well as its

varying breadth and intensity will permit, conforms as nearly

as the indefiniteness of its boundary will allow it to be fixed

to that pf a great circle inclined at an angle of about 63° to

the equinoctial, and cutting that circle in R A A 47 m and

• Tliomas Wright of Durham (Theory of the Universe, London, 1750) ap-

pears so early as 1734 to have entertained the same general view as to the con-

Ktitution of the Milky Way and starry firmament, founded, quite in the spirit of

just astronomical speculation on a partial resolution of a portion of it with a

"one-foot reflector" (a reflector one foot in focal length). See an account of

this rare work by Prof. De Morgan in Phil. Mag. Ser. 3. xxxii. p. 241. et seq.
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12/t Aim, 80 that its northern and southern poles respectively

are situated in 11. A. 12A 47m NPD G'i" and R. A. 0/j 47 »«

NPD 117°. Throughout the region where it is so remark-
ably subdivided (art. 186.), this great circle holds an inter-

mediate situation between the two great streams; with a
nearer approximation however to the brighter and continu-
ous stream, than to the fainter and interrupted one. If we
trace its course in order of right ascension, wo find it travers-

ing the constellation Cassiopeia, its brightest part passing
about two degrees to the north of the star 8 of that constel-

lation, I. e. in about 62° of north declination, or 28° NPD.
Passing thence between y and a Cassiopeiao it sends off a

branch to the south-preceding side, towards « Persei, very
conspicuous as far as that star, prolonged faintly towards
8 of the same constellation, and possibly traceable towards
the Ilyades and Pleiades as remote outliers. The main
stream however (which is here very faint), passes on through
Auriga, over the three remarkable stars, s, ^ rj, of that con-
stellation preceding Capella, called the Hoedi, preceding
Capella, between the feet of Gemini and the horns of the
IJull (where it intersects the ecliptic nearly in the Solstitial

Colure) and thence over the club of Orion to the neck ofMono-
ceros, intersecting the equinoctial inll.A. Gh 54 m. Up to
this point, from the offset in Perseus, its light is feeble and
indefinite, but thenceforward it receives a gradual accession

of brightness, and where it passes through the shoulder of
Monoceros and over the head of Can is Major it presents a
broad, moderately bright, very uniform, and to the naked eye,
starless stream up to the point where it enters the prow of the
ship Argo, nearly on the southern tropic* Here it again
subdivides (about the star m Puppis), sending off a narrow and
winding branch on the preceding side as far aa 7 Argfls, where
it terminates abruptly. The main stream pursues its south-
ward course to the 123d parallel of NPD, where it diffuses

• In reading tin's description a celestial globe will be a necessary companion.
It may be thought needless to detail the course of the Milky Way yerbally, since
it is mapped down on all celestial charts and globes. But in the generality of
them, indeed in all which have come to our knowledge, this is done so very loosely
and incorrectly, as by no moans to dispense with a verbal description.
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itself broadly and again subdivides, opening out into a wide

fan-like expanse, nearly 20° in breadth formed of interlacing

branches, all which terminate abruptly, in a line drawn nearly

through \ aad 7 Argils.

(788.) At this place the continuity of the Milky Way is

interrupted by a wide gap, and where it recommences on

the opposite side it is by a somewhat similar fan-shaped

assemblage of branches which converge ui)oa the bright star

7/ Argils. Thence it crosses the liind feet of the Centaur,

forming a curious and sharply defined semicircular concavity

of small radius, and enters the Cross by a very bright neck or

isthmus of not more than 3 or 4 degrees in breadth, being

the narrowest portion of the Milky Way. After this it imme-

diately expands into a broad and bright mass, enclosing the

stars « and /8 Cniois, and /3 Centauri, and extending almost

up to « of the latter constellation. In the midst of this

bright mass, surrounded by it on all sides, and occupying

aboirt half its breadth, occurs a singular dark pear-shaped

vacancy, so conspicuous and remarkable as to attract the

notice of the most superficial gazer, and to have acquired

among the early southern navigators the uncouth but ex-

pressive appellation of the coal-sack. In this vacancy which

is about 8° in length, and 5° broad, only one very small star

visible to the naked eye occurs, though it is far from devoid

of telescopic stars, so that its striking blackness is simply duo

to the effect of contrast with the brilliant ground with which

it is on all sides surrounded. This is the place of nearest

approach of the Milky Way to the South Pole. Throughout

all this region its brightness is very striking, and when com-

pared with thut of its more northern course already traced,

conveys strongly the impression of greater proximity, and

would almost lead to a belief that our situation as spectators

is separated on all sides by a considerabh interval from the

dense bovly of stars composing the Galaxy, which in this view
of the subject would come to be considered as a flat ring or

some other reentering form of immense and irregular breadt'^

and thickness, within which we are excentrically situated,

nearer to the southern than to the northern part of its circuit.

SSSSS^WtV"
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(789.) At « Ccntauri, the Milky Way again BuMividca *,

Bcndlng off a great branch of nearly half its breadth, but

which thins off rapidly, at an angle of about 20° with

its general direction, towartla the preceding side, to ij and d

Lupi, beyond which it loses itself in a narrow and faint

streamlet. The main stream passes on increasing in breadth

to 7 Normoj, wlu-ro it makes an abrupt elbow and again sub-

divides into one principal and continuous stream of very

irregular breadtii and brightness on the following side, and a

complicated systeni of interlaced streaks and masses on the

preceding, which co\ ers the tail of Scorpio, and terminates in

a \ast and faint effusion over the whole extensive region

occupied by the preceding leg of Ophiuchus, extending north-

wards to the parallel of 103° NPD, beyond which it cannot

be traced; a wide interval of 14°, free Irom all appearance

of nebulous light, separating it from the g/eat branch on the

north side of the equinoo*'"l of which it is usually repre-

sented as a continuation.

(790.) lletuming to the point of separation of this great

branch from the main stream, let us now pursue the course 3f

the latter. Making an abrupt bend to the following side, it

passes over the stars i Ara;, 6 and i Scorpii, and 7 Tubi to

7 Sagittarii, where it auf'J-nly collects into a vivid oval mass

about 6° in length and 4" in breadth, so c\<;es8ively rich in

stars that a very moderate calculation makes their number

exceed 100,000. Northward of this mass, this stream crosses

the ecliptic in longitude about 276°, and proceeding along the

bow of Sagittarius into Antinous has its course rippled by

three deep concavities, separated from each other by remark-

able protubcrancea, of which the larger and brighter (situated

between Flamsteed's stars 3 and 6 Aquilas) forms the most

conspicuous patch in the southern portion of the Milky Way
visible in our latitudes.

(791.) Crossing the equinoctial at the 19th hour of right

ascension, it next runs in an irregular, patchy, and winding

stream through Aquila, Sagitta and Vulpecula up to Cygnus

;

• All the maps and globes place thw siibdivisioi', at $ Centauri, but erro-

Dcuusly.
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nt « of which constellation its continuity is interrupted, and a

very confused and irregular region conunences, marked by a

broiul dark vacuity, not unlike the southern " coal-sack," occu-

pying the space between «, «, and y Cygni, which serves aa a

kind of center for the divergence of three great streams ; one,

which we have already traced ; a second, the continuation of

the first (across the interval) from a northward, between La-

certa and the head of Cepheus to the point in Cofesiopeia whence

we set out, and a third branching oft' from 7 Cygni, very vivid

and conspicuons, running oft' in a southern direction through

j8 Cygni, and s Aquilus almost to the equinoctial, where it

loses itself in a region tliinly sprinkled with stars, where in

some maps the modem constellation Taurus Poniatovii is

placed. This is the branch which, if continued across the

equinoctial, might be supposed to unite with the great south-

ern eff'usion in Ophiuchus already noticed (art. 789.). A
considerable off'set, or protuberant appendage, is also thrown

off by the northern stream from the head of Cepheus directly

towards the pole, occupying the greater part of the quartilc

formed by a, fi, i, and 8 of that constellation.

(792.) We have been somewhat circumstantial in de-

scribing the course and principal features of the Via Lactea,

not only becayse there does not occur any where (so far as

we know) any correct account of it, but chiefly by reason of

its high interest in sidereal astronomy, and that the reader

may perceive how very difticult it must necessarily be to form

any just conception of the real, solid form, as it exists in

space, of an object so complicated, and which we see from a

point of view so unfavourable. The difficulty is of the same

kind which we experience when we set ourselves to conceive

the real shape of an auroral arch or of the clouds, but far

greater in degree, because we know the laws which regulate

the formation of the latter, and limit them to certain con-

ditions of"altitude— because their motion presents them to us

in various aspects, but chiefly because we contemplate them
from a station considerably below their general plane, so as to

allow of our mapping out some kind of ground-plan of their

shape. All these aids are wanting when we attempt to map

in'Min>iiijiiiiiLi.'Min
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and motlel out tho Galaxy, and beyond the obvious conclusion

that its form must be, generally sjicaking.^af, and of a thick-

ness Bumll in comparison with its area in length and breadth,

the laws of perspective afford us little further assistance in tho

inquiry. Probability may, it is true, here and there en-

lighten us OS to certain features. Thus when wo see, as in

the coal-sack, a sharply defined oval space free from stars,

insulated in the midst of a uniform band of not much moro

than twice its breadth, it would seem much less probable that

a conical or tubular hollow traverses the whole of a starry

stratum, continuously extended from the eye outwards, than

that a distant moss of comparatively moderate thickness

should be simply perforated from side to side, or that an oval

vacuity should be seen foreshortened in a distant foreshortened

area, not really exceeding two or three times its own breadth.

Neither can we without obvious improbability refuse to

admit that the long lateral offsets which at so many places

quit the main stream and run out to great distances, are

either planes seen edgeways, or the convexities of curv« d

surfaces viewed tangentially, rather than cylindrical or co-

lumnar excrescences bristling up obliquely from the general

level. And in the same spirit of probable eurniise we may
account for the intricate reticulations above described aa

existing in the region of Scorpio, rather by the accidental

crossing of streaks thus originating, at very different distances,

or by a cellular structure of the mass, than by real inter-

sections. Those cirrous clouds which are often seen in wmdy
weather, convey no unapt impression either of the kind of

appearance in question, or of the structure it suggests. It

is to other indications however, and chiefly to the telescopic

examination of its intimate constitution, and to the law of

the distribution of stars, not only within its bosom, but

generally over the heavens, that we must look for more

definite knowledge respecting its true form and extent.

(793.) It is on observations of this latter class, and not on

merely speculative or conjecti<ral views, that the generalization

in Art. 786., which refers the phaenomena of the starry fir-

mament to the system of the Galaxy as their embodying fact,

msmemimeis.
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is brought to <Jepcnd. The process of "gauging " the heavens
WHS devised by Sir W. Ilcrschel for this purpose. It am-
fiistcl in simply counting the stars of all nugnitudcs which
occur in single fields of view, of 15' in di.uueter, visible
through a reflecting telescope of 18 inches aperture, and 20
feet focal length, with a nuignifying power of 180°: the
points of observation being very numerous and taken in-
discriminately in every part of the surface of the sphere
visible in our latitudes. On a comparison of many hundred
such "gauges" or local enumerations it up[M>ar8 that the
(lensity of star-light (or the number of stars existing on an
average of several such enumerations in any one inunediate
neighbourhood) is least in the pole of the Galactic circle*,
and increases on all sides, with the Galactic polar distance
(and that nearly equally in all directions) down to the Milky
\Vay itself, where it attains its maximum. The progressive
rate of increase in proceeding from the pole is at first slow,
but becomes moro and moro rapid as we approach the plane
of tluit circle according to a law of wliich the following
numbers, deduced by M. Struve from a careful analysis of
all the gauges in question, will offord a correct idea.

Galactic f North Polar Distance.

0"

15°

30°

45°

60°

75°

90°

Average Number of Stars in a
Field 15' in Diameter.

4-15

4-68

6-52

10-36

17'68

30-30

122-00

From which it appears that the mean density of the stars in the
galactic circle exceeds in a ratio of very nearly 30 to 1 that

From yaKa, yaAtucros, milk ; meaning the great circle spoken of in
.?5*- T^T"'.*" "M'"'' t*"*

course of the Via Lactea most nearly conforms
ll.is circle ts to sidereal what the invariable ecl/ptic is to planetary astronomy—
a plane of ultimate reference, the ground-plane of the sidereal system

t Ktudes d-Astronomic Stellaire, p. 71. M. Struve maintains the Galactic
circle to Iw a small, not a great, circle of tlie sphere. The appeal is to the eye-
Kiglit. I retain my own conviction.

'

i
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in its pole, and in a proportion of more than 4 to 1 that in a

directio-. 1.5° inclined to its plane.

(794.) These numbers fuUy bear out the statement m

Art. 786. and even draw closer the resemblance by which

that statement is there illustrated. For the rapidly m-

creasing density of a fog-bank as the visual ray is depressed

towards the plane of the horizon is a consequence not only ot

the mere increase in length of the foggy space traversed, but

also of an actual increase of density in the fog itself in its

lower strata. Now this very conclusion follows from a com-

parison inter se of the numbers above set down, as M. Struve

has clearly shown from a mathematical analysis ofthe empirical

formula, which faithfully represents their law of progression,

and of which he states the result in the following table, ex-

pre88in<T the densities of the stars at the respective distances,

1, 2, 3,°&c., from the galactic plane, taking the mean density

of the stars in that plane itself for unity.

Distances from the
Ga'.actic Plane.

0-00

0-05

O'lO
0-20

0-30

0-40

Density of
Stars.

lOOOOO
048S68
0-33288
0'23895
0-17!)80

0-13021

DisUnccs from the Density of

Galactic Plane. Stars.

0-50 0-08646

0-60 OO.'iSlO

0-70 0-03079

0-80 001414
0-866 0O0S32

The unit of distance, of which the first column of this tsible

expresses fractional parts, is the distance at which such a

telescope is capable of rendering just visible a star of average

magnitude, or, as it is termed, its space-penetrating power.

As we ascend therefore from the galactic plane into this

kind of steUar atmosphere, we perceive that the density of

its parallel strata decreases with great rapidity. At an

altitude above that plane equal to only one-twentieth of the

telescopic limit, it has already diminished to one-half, and at an

altitude of 0-866, to hardly more than one-two-hundredth of

its amount in that plane. So far aa we can perceive there is

no flaw in this reasoning, if only it be granted, lst,that the level

planes are continuous, and of equal density throughout; and,

2dly, that an absolute and defini^ limit is set to telescopic vision,

If!
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beyond which, if stars exist, they elude our sight, and are to us

as if they existed not : a postulate whose probability the reader

will be in a better condition to estimate, when in possession

of some other particulars respecting the constitution of the

Galaxy to be described presently.

(795.) A similar course of observation followed out in the

southern hemisphere, leads independently to the same con-
clusion as to the law of the visible distribution of stars over
the southern galactic hemisphere, or that half of the celestial

surface which has the south galactic pole for its center. A
system of gauges, extendmg over the whole surface of that

hemisphere taken with the same telescope, field of view and
magnifying power employed in Sir William Herschel's

gauges, has afforded the average numbers of stars per field

of 15' in diameter, within the are-- of zones encircling that

pole at intervals of 15°, set down in the following table.

Average Nuiiibzr of Stars

per Field of 15'.

6-05

6-02

9-08

13-49

26-29

59-06

(796.) These numbersare not directlycomparable with those

ofM. Struve, gi»ren in Art. 793. because the latter corresponds

to the limiting polar distances, while these are the averages

for the included zones. That eminent astronomer, however,
has given a table of the average gauges appropriate to each

degree of north galactic polar distance*, from which it is easy

to calculate averages for the whole extent of each zone.

How near a parallel the results of this calculation for the

northern hemisphere exhibit ivith those above stated for

the southern, will be seen by the following table.

* £tudes d* Astronomie Stellaire, p. 34.

P P

nes of Galactic South
Polar Distance.

0° to 15°

15 to 30

.30 to 45

45 to 60

60 to 75

75 to 90
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Zones of Galactic North

Polar Distance.

0" to 15°

15 to 30

30 to 45

45 to 60

60 to 75

75 to 90

Average Number of Stars

per Field of 15' from

M. Struve's Table.

4-32

5-42

8-21

13'61

24-09

53-43

It would appear from this that, with an ahnost exactly

similar law of apparent density in the two hemispheres, the

southern were somewhat richer in stars than the northern,

which may, and not improbably does arise, from our situa-

tion not being precisely in the middle of its thickness, but

somewhat nearer to its northern surface.

(797.) When examined with powerful telescopes, the con-

stitution of this wonderful zone is found to be no less various

than its aspect to the naked eye is irregular. In some regions

the stars of which it is wholly composed are scattered with

remarkable uniformity over immense tracts, while in others

the irregularity of their distribution is quite as striking, ex-

hibiting a rapid succession of cicely clustering rich" patches

separated by comparatively poor intervals, and indeed in some

instances by spaces absolutely dark and completely omdofany

star, even of the smallest telescopic magnitude. In some

places not more than 40 or 50 stars on an average occur in a

" gauge" field of 15', while in others a similar averse ^ves a

result of 400 or 500. Nor is less variety observable in the

character of its dififerent regions in respect of the magnitudes

of the stars they exhibit, and the proportional numbers of

the larger and smaller magnitudes bssociated together, than

in respect oftheir aggregate numbers. In some, for instance,

extremely minute stars, though never altogether wanting,

occur in numbers so moderate aa to lead us irresistibly to the

conclusion that in these regions we see fairly through the

starry stratum, since it is impossible otherwise (supposing

their light not intercepted) that the numbers of the smaller

^^m
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magnitudes should not go on continually increasing ad
infinitum. In such cases moreover the ground of the heavens,

as seen between the stara, is for the most part perfectly dark,

which again would not be the case, if innumerable multitudes
of stars, too minute to be individually discernible, existed be-
yond. In other regions we are presented with the pheno-
menon of an almost uniform degree of brightness of the
individual stars, accompanied with a very even distribution

of them over the ground of the heavens, both the larger and
snialler magnitudes being strikingly deficient. In such cases

it js equally impossible not to perceive that we are looking
through a sheet of stars nearly of a size, and of no great thick-

ness compared with the distance which separates them from us.

Were it otherwise we should be driven to suppose the more
distant stars uniformly the larger, so as to compensate by
their greater intrinsic brightness for their greater distance, a
supposition contrary to all probability. In others again, and
that not unfrequently, we are presented with a double phjB-

nomenon of the same kind, viz, a tissue aa it were of large stars

spread over another of very small ones, the intermediate mag-
nitudes being wanting. The conclusion here seems equally
evident that in such cases wo look through two sidereal sheets

separated by a starless interval.

(798.) Throughout by far the larger portion of the extent
of the Milky Way in both hemispheres, the general blackness
of the ground of the heavens on which its stars are projected,

and the absence of that innumerable multitude and excessive

crowding of the smallest visible magnitudes, and of glare

produced by the aggregate %ht of multitudes too small to
affect the eye smgly, which the contrary supposition would
appear to necessitate, must, we think, be considered unequi-
vocal indications that its dimensions in directions where these

conditions obtain, are not only not infinite, but that the space-

penetrating power of our telescopes suffices fairly to pierce

through and beydnd it. It is but right however to warn our
readers that thie conclusion has been controverted, and that
by an authority not lightly to be put aside, on the ground of
certain views taken by Olbers as to a defect of perfect trana-

f p 9
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parency in the celestial spaces, in virtue of which the light of

the more distant stars is enfeebled more than in proportion

to their distance. The extinction of light thus originating,

proceeding in geometrical progression whUe the distance

increases in arithmetical, o limit, it is argued, is placed to

the space-penetratiug powers of telescopes, far witliin that

which distance alone apart from such obscuration would

assign. It would lead us too far aside of the objects of a

treatise of this nature to enter upon any discussion of the

grounds (partly metaphysical) on which these views rely.

It must suffice here to observe that the objection alluded to,

if applicable to any, is equally so to every part of the galaxy.

We are not at liberty to argue that at one part of its circum-

ference, our view is lunited by this sort of cosmical veil which

extinguishes the smaller magnitudes, cuts off the nebulous

light of distant masses, and closes our view in impenetrable

darkness ; while at another we are compelled by the clearest

evidence telescopes can afford to believe that star-strown

vistas lie open, exhausting their powers and stretching out be-

yond their utmost reach, as is proved by that very phajnomenon

which the existence of such a veil would render impossible,

viz. infinite increase of number and diminution of magnitude,

terminating in complete irresolvable nebulosity. Such is, in

effect, the spectacle afforded by a very large portion of the

Milky Way in that interesting region near its point of bifur-

cation in Scorpio (arts. 789, 792.) where, through the hollows

and deep recesses of its complicated structure we be-

hold wkit has all the appearance of a wide and indefinitely

prolonged area strewed over With discontinuous masses and

clouds of stars which the telescope at length refuses to

analyse.* Whatever other cottcl'siona we may draw, tliis

must any how be regarded as the direction of the greatest

linear extension of the ground-plan of the galaxy. And it

* It would bo doing great injustice to the illustrious astronomer of Pulkova

Cwhose opinion, if we here seem to controvert, it is with the utmost possible

deference and respect) not to mention that at the time of his writing the re-

markable essay already more than once cited, in which the views m question are

delivered, he could not have been aware of the import-nt facts alluded to in the

text, the work in which they are described being then unpublished.

msm
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would appear to follow, also, as a not less obvious consequence,
tliat in those regions where that zone h clearly resolved into
stars well separated and seen projected on a black ground,
and where by consequence it is certain if the foregoing views
be correct that we look out beyond them into space, the smallest
visible stars appear as such, not by reason of excessive distance,
but of a real inferiority of size or brightness.*

(799.) AVhen we speak of the comparative remoteness of
certain regions of the starry heavens beyond others, and of
our '^wn situation in them, the question immediately arises,
what IS the distance of the nearest fixed star? What is

the scale on which our visible firmament is constructed?
And what proportion do its dimensions bear to those of our
own immediate system ? To these questions astronomy has
at length been enabled to afford an answer.

(800.) The diameter of the earth has served us for the base
of a triangle, in the trigonometrical survey of our system (art.

274.), by which to calculate the distance of the sun ; but the
extreme minuteness ofthe sun's parallax (art. 357.) renders the
calculation from this "ill-conditioned" triangle (art. 275.) so
delicate, that nothing but the fortunate combination of favour-
able circumstances.afforded by the transits of Venus (art. 479.),
could render its results even tolerably worthy of reliance. But
the earth's diameter is too small a base for direct triangulation
to the verge even of our own system (art. 526.), and we are,
therefore, obliged to substitute the annual parallax for the
diurnal, or, which cornea to the same thing, to ground our
calculation on "^he relative velocities of the earth and planets
in their orbits (art. 486.), when we would push our triangu-
lation to that extent. It might be natux-ally enough expected,
tliat by this enlargement of our base to the vast diameter of
the earth's orbit, the next step in our survey (art. 275.)
would be made at a great advantage ;— that our change of

* Professor I.«oinis (Progress of Astronomy, 1850, p. 141.) with the
facts adduced before him, arrives at a contrary conclusion. Astronomers will
judge of the validity of his objections. Prof. Argelandcr ( Astron. Nacbr. 996 )has cited me in support of Olbirs* theory, in direct opposition to mv own opinion,
here, (as I should have thought distinctly enough,) recorded.

PP 3
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Station, from side to side of it, would produce a considerable

and easily measurable amount of annual parallax m the stars,

and that by its means we should come to a knowledge ol

their distance. But, after exhausting every refinement of

observation, astronomers were, up to a very late period,

unable to come to any positive and coincident conclusion

upon this head; and the amount of such parallax, even for

the nearest fixed star examined with the requisite attention,

remained mixed up with, and concealed among, the errors

incidental to aU astronomical determinations. The nature of

these errors has been explained in the earlier part of this

work, and we need not remind the reader of the difficulties

which must necessarily attend the attempt to disentangle an

element not exceeding a few tenths of a second or at most a

whole second from the host of uncertainties entailed on the

results of observations by them: none of them individually

perhaps of greater magnitude, but embarrassing by their

number and fluctuating amount. Nevertheless, by successive

refinements in instrument making, and by constantly pro-

gressive approximation to the exact knowledge of the Urano-

graphical corrections, that assurance had been obtained, even

in the earlier years of the present century, viz. that no star

visible in northern latitudes, to wliich attention had been

directed, manifested an amount of parallax exceeding a single

second of arc. It is worth while to pause for a moment to

consider what conclusions would follow from the admission of

a parallax to this amount.

(801.) Kadius is to the sine of 1" as 206265 to 1. In this

proportion then at least must the distance of the fixed stars

from the sun exceed that of the sun from the earth. Again,

the latter distance, as we have already seen (art. 357.;, exceeds

the earth's radius in the proportion of 23984 to 1. Taking

therefore the earth's radius for unity, a parallax of 1" supposes

a distance of 4947059760 or nearly five thousand millions of

such unUs: and lastly, to descend to ordinary standards,

since the earth's radius may be taken at 4000 of our miles,

we find 19788239040000 or about twenty billions of miles

for our resulting distance.

(802.) In such numbers the imagination is lost. The only

inr!
iii:'
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lost. The only

mode we have of conceiving such intervals at all is by the

time which it would require for light to traverse them.

Light, as we know (art. 545.), travels at the rate of 192000

miles per second, traversing a semidiameter of the earth's

orbit in 8" 13'-3. It would, therefore, occupy 206265 times

this interval or 3 years and 83 days to traverse the distance

in question. Now an this is an inferior limit which it is

already ascertained that even the brightest and therefore (in

the absence of all other indications) the nearest stars exceed,

what are we to allow for the distance of those innumerable

stars of the smaller magnitudes which the telescope discloses

to us! What for the dimensions of the galaxy in whose

remoter regions, as we have seen, the united lustre of myriads

of stars is perceptible only in powerful telescopes aa a feeble

nebulous gleam I

(803.) The space-penetrating power of a telescope or the

comparative distance to which a given star would require to be

removed in order that it may appear of the same brightness in

the telescope as before to the naked eye, maybe calculated from

the aperture of the telescope compared with that of the pupil

of the eye, and from its reflecting or transmitting power, t. e.

the proportion of the incident light it conveys to the observer's

eye. Thus it has been computed that the space-penetrating

power of such a reflector as that used in the star-gauges above

referred to is expressed by the number 75. A star then of the

sixth magnitude removed to 75 times its distance would still

be perceptible as a star with that instrument, and admitting

such a star to have 100th part of the light of a standard star

of the first magnitude, it will follow that such a standard

star, if removed to 750 times its distance, would excite in the

eye, when viewed through the gauging telescope, the same

impression a& a star of the sixth magnitude does to the naked

eye. Among the iniinite multitude of such stars in the

remoter regions of the galaxy, it is but fair to conclude that

ifiiiumerable individuals equal in intrinsic brightness to those

which immediately surround us must exist. The light of

such stars then must have occupied upwards of 2000 years

in travelling over the distance which separates them from

our own system. It follows then that when we observe tho

r r 4
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places I ad note the appearances of such stars, we are only

reading their history of two thousand years' anterior date

thus AvondcrfuUy recorded. We cannot escape this conclusion

but by adopting as an alternative an intrinsic inferiority of

light in all the smaller stara of the galaxy. We shall bo

better able to estimate the probability of this alternative

when Ave shall have made acquaintance with other sidereal

systems whose existence the telescope diKcloscs to us, and

whose analogy will satisfy us that the view of the subject

here taken is in perfect hannony with the general tenor of

astronomical facts.

(804.) Hitherto we have spoken of a parallax of 1" as a

mere limit below which that of any star yet examined as-

suredly, or at least very probably falls, and it is not without

a certain convenience to regard tliis amount of parallax as a

sort of unit of reference, which, connected in the reader's

recollection wuh a parallactic unit of distance from our system

of 20 billions of miles, and with a 3^ year's journey of light,

may save him the trouble of such calculations, and ourselves

the necessity of covering our pages with such enormous

numbers, when speaking of stars whose parallax has actually

been ascertained Avith some approach to certainty, either by

direct meridian observation or by more refined and delicate

methods. These we shall proceed to explain, after first

pointing out the theoretical peculiarities which enable us to

separate and disentangle its effects from those of the Urano-

graphical corrections, and from other causes of error « hich

being periodical in their nature add greatly to the difficulty

of the subject. The effects of precession and proper motion

(see art. 852.) which are unifonnly progressive from year to

year, and that of nutation which runs through its period in

nineteen years, it is obvious enough, separate themselves at

once by these characters from that of parallax ; and, being

known with very great precision, and being certainly in-

dependent, as regards their causes, of any individual pecu-

liarity in the stars affected by them, whatever small uncer-

tainty may remain respecting the numerical elements which

enter into their computation (or in mathematical language

their co-efficients), can give rise to no embarrassment. With

I



PARALLAX OP THE FIXED STARS. 585

we are only

interior date

lis conclusion

inferiority of

We shall bo

s alternative

ither E^idercal

3 to us, and

the subject

2ral tenor of

IX of 1" as a

3xamlncd as-

} not without

parallax as a

the reader's

tn our system

ney of light,

md ourselves

ch enormous

: has actually

ty, either by

and delicate

1, after first

enable us to

F the Urano-
' error » hich

the difficulty

(roper motion

from year to

its period in

hemselvea at

;; and, being

certainly in-

ividual pecu-

small uncer-

ements which

leal language

ment. With

regard to aberration the case is materially different. This
correction affects the place of a star by a fluctuation annual
in its period, and therefore, so far, agreeing with parallax.

It is also very similar in the law of its variation at different

seasons of the year, parallax having for its apex (see art.

343, 344.) the apparent place of the sun in the ecliptic, and
aberration a point in the same great circle 90° beliind that

place, so that in fact the formulse of calculation (the co-

efficients excepted) are the same for both, substituting only

for the sun's longitude in the expression for the one, that

longitude diminished by 90° for the other. Moreover, in the

absence of absolute certainty respecting the nature of the

propagation of light, astronomers have hitherto considered it

necessary to assume at least as a possibiliti/ that the velocity

of light may be to some slight amount dependent on in-

dividual peculiarities in the body emitting it.
*

(805.) If we suppose a line drawn from the star to the

earth a| all seasons of the year, it is evident that this lino

will sweep over the surface of an exceedingly acute, oblique

cone, having for its axis the line joining the sun and star, and
for its base the earth's annual orbit, which, for the present

purpose, we may suppose circular. The star will therefore

appear- to describe each year about its mean place regarded

as fixed, and in virtue of parallax alone, a minute ellipse,

the section of this cone by the surface of the celestial sphere,

perpendicular to the visual ray. But there is also another

way in which the same fact may be represented. The ap-

parent orbit of the star about its mean place as a center, will

be precisely that which it would appear to describe, ifseen from

the sun, supposing it really revolved about that place in a

circle exactly equal to the earth's annual orbit, in a plane

parallel to the ecliptic. This is evident from the equality

and parallelism of the lines and directions concerned. Now
the effect -of aberration (disregarding the slight variation of

* In the actual state of astronomy and photology this necessity can hardly
be considered as still existing, and it is desirable, therefore, that the practice of
astronomers of introducing an unknown correction for the constant of aberration
into their "equations of condition " for the determination of parallax, should be
disused, since it actually tends to introduce error into the final result.

1 -^«fe»it«^Ma MMM
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Ii!:i

the earth's velocity in different partfl of its orbit) is precisely

similar in law, and differs only in amount, and in its bearing

reference to a direction 90" different in longitude. SupfKise,

in order to fix our ideas, the maximum of parallax to be 1"

and that of aberration 20- 5", and let AB,ab, be two circles

imagined to be described separately, as above, by the star

about its mean place S, in virtue of these two causes respec-

tively, S T being a line parallel to that of the line of equi-

noxes. Then if in virtue of paraUax alone, tlio star would

bo found at a in the smaller orbit, it would in virtue of

aberration alone bo found at A, in the larger, the angle a SA
being a right angle. Drawing then A C equal and parallel

to S a, and joining S C, it will in virtue of both simulta-

neously be found in C, i. c in the circumference of a circle

whose radius is S C, and at a point in that circle, in advance

of A, the aberrational place, by the angle A S C. Now since

8A : AC :: 20-5 : 1, we find for the angle ASC 2" 47' 35",

and for the length of the radius SC of the circle representing

the compound motion 20"'524. The difference (0"-024)

between this and SC, the radius of the aben-ation circle, is

quite imperceptible, and even supposing a quantity so minute

to be capable of detection by a prolonged series of observa-

tions, it would remain a question whether it were produced

by parallax or by a specific difference of aberration from the

general average 20" '3 in the star itself. It is therefore to

the difference of 2° 48' between the angular situation of the

displaced star in this hypothetical orbit, i. e. in the argumenta
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(as thoy are called) of the joint correction (TSC) and that

of aberration alone ( T S A), that wp have to look for the re-

solution of the problem of parallax. The reader may easily

figure to himself the delicacy of an inquiry which turns

Avholly (even when stripped of all its other difficulties) on
the precise determination of a quantity of this nature, and

of such very moderate magnitude.

(806.) But these other difficulties themselves are ofno trifling

order. All astronomical instruments are affected by differences

oftemperature. Not only do the materials of which they are

composed expand and contract, but the masonry and solid piers

on which they are erected, nay even the very soil on which

these are founded, participate in the general change from sum-
mer warmth to winter cold. Hence arise slow oscillatory

movements of exceedingly minute amount, which levels and
plumblines afford but very inadequate means of detecting,

and which being also annual in their period (after rejecting

whatever is merely casual and momentary) mix themselves

intimately with the matter of our inquiry. Refraction too,

besides its casual variations from night to night, which a long

series' of observations would eliminate, depends for its theo-

retical expression on the constitution of the strata of our

atmosphere, and the law of the distribution of heat and

moisture at different elevations, which cannot be unaffected

by difference of season. No wonder then that mere meri-

dional observations should, almost up to the present time, have

proved insufficient, except in one veiy remarkable instance,

to afford unquestionable evidence, &nd satisfactory quantita-

tive measurement of the parallax of any fixed star.

(807.) The instance referred to is that of « Centauri, one

of the brightest and for many other reasons, one of the most

remarkable of the southern stars. From a series of observa-

tions of this star, made at the Royal Obsetvatory of the Cape

of Good. Hope in the years 1832 and 1833, by Professor

Henderson, with the mural circle of that establishment, a

parallax to the amount of an entire second waa concluded on

his reduction of the observations in question after his return

to England. Subsequent observations by Mr. Macleai",
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piirtly with tho eiiinc, and partly witli a new and far nioro

efficiently constructed inBtrumctit of tho same description

made in the years 183!) and 1840, hiivo fully confirmed the

reality of the parallax indicated by I'rofessor Hcndyrson's ob

Bci-vationa, though with a Hliji;ht diminution in its concluded

amount, which comes out equal to 0"-9128 or about j^ths of

a second ; bright stars in its immediate neighbourhood being

unaffected by a similar periodical displacement, and thus

affording satisfactory proof that the displacement indicated in

the case of the star in question is not merely a result of annual

variations of temperature. As it is impossible at present to

answer for so minute a quantity as that by which this result

differs from an exact second, we may consider the distance of

this star as approximately expressed by the parallactic unit

of distance referred to in art. 804.

(808.) A short time previous to the publication * of this

important result, the detection of a sensible and measurable

amount of parallax in the star N" 6 1 Cygni of Flamsteed'a

catalogue of stars was announced by the celebnued astro-

nomer of Konigsberg, the late M. Bessel.f This is a

small and inconspicuous star, hardly exceeding the sixth

magnitude, but which had been pointed out for especial ob-

servation by the remarkable circumstance of its being affected

by a proper motion (see art. 852.), 7. e. a regular and continu-

ally progressive annual displacement among the surrounding

stars to the extent of more than 5" per annum, a quantity so

very much exceeding the average of similar minute annual

displacements which many other stars exhibit, as to lead to a

suspicion of its being actually nearer to our system. It is

not a little remarkable that a similar presumption of proxi-

mity exists nlso in the case of « Centauri, whose unusually

large proper motion of nearl 4" per annum is stated by

Professor Hendewlb i to hav* oen the motive which induced

him to subject liis observations of that star to that severe dis-

cussion which led to the detection of its parallax. M.

• Trof. Henderson's paper was rend before the Astronomical Society of

Ixindon, Jhu. 3. 1839. It bears date Dec. 24. 183H.

t Astroaomische Nachrichtcn, Nos. 365, 366. Dec. 13. 1838.
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BcsBcl's observations of fll Cygni wire commenced in August

1837, immediately ua tho cstabli.'^htticnt at tho Konignbcrg

observatory of a magnificent heliometer, tho worknianHhip

of ti.e celebrated opticjian Fraunholcr, of Munich, an int*tiu-

ment especially fitted for the system of observation adopted ;

which being totally ditt'crent from that of direct meridional

observation, more refined in its conception, and susceptible of

far greater accuracy in its practical application, wo nmst now
explain.

(809.) Pamllax, proper motit)n, and specific aberration

(denoting by tho latter phrase that part of the aberration of

a star's light which may be siip()oscd to arise from its indi-

vidual peculiarities, and whicli i\ o have every reason to believe

at all events an exceedingly in nute fraction of the whole,)

arc the only uranographical corrections which do not neces-

sarily affect alike tho apparent places of two stars situated in,

or vcri/ nearly in, tho same visual line. Supposing then two
stars at an immense uistance, the one behind tho other, but

otherwise so situated iis to a[)pcar very nearly along the same

visiud line, they will constitute what is called a star optically

double, to distinguish it from a star physically double, of which

more hereafter. Aberration (that which is common to all

stare), precession, nutation, nay, even refraction, and instru-

mental causes of apparent displacement, ivill affect them alike,

or so verv nearly alike (if tho niinuto difFercr e of their

appni' ' L piucos be takon into account) as to admit of tho

difluicnce being neglected, or very accurately allowed for,

liy an easy calculation. If then, instead of attempting to

determine by observatifm the place of the nearer of two very

unequal stars (which will probably be the larger) by direct

observation of its right ascension and polar distance, we
content ourselves with referring its place to that of its remoter

and smaller companion by differential observation, i. e. by
measuring only its difference of situation from the latter, we
are ut once relievcl of the nec( ; y of making these cor-

rections, and from all uncertainty as to their influence on the

result And for the veiy same reason, errors of adjustment

(art. 1 36.), of graduation, and a host of instrumental errors.
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which would for this delicate purpose fatally affect tho

absolute determination of either star's place, are harmless

when only the difference of their places, each equally affected

by such causes, is required to be known.

(810.) Throwing aside therefore the consideration of all

these errors and corrections, and disregarding for the present

the minute effect of specific aberration and the uniformly pro-

gressive effect of proper motion, let us traxse the effect of the

differences of the parallaxes of two stars thus juxtaposed, or

their apparent relative distance and position at various seasons

of the year. Now the parallax being inversely as the distance,

the dimensions of the small ellipses apparently described

(art. 805.) by each star on the concave surface of the heavens

by parallactic displacement wiU differ,— the nearer star

describing the larger ellipse. But both stars lying very

nearly in the same direction from the sun, these ellipses will

be similar and similarly situated. Suppose S and s to be the

positions of the two stars as seen from the sun, and let

ABCD, abed, be their parallactic ellipses; then, since

they will be at all times similarly situated in these ellipses,

when the one star is seen at A, the other will be seen at a.

When the earth has made a quarter of a revolution in its

orbit, their apparent places will be Bi; when another

quarter, C c ; and when another, D rf. If, then, we measure

carefully, with micrometers adapted for the purpose, their

apparent situation with respect to each other, at different

times of the year, we should perceive a periodical change,

Btti
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both in the direction of the line joining them, and in the
distance between their centers. For the lines A a and C e

cannot be parallel, nor the lines 13 b and D d equal, unless

the ellipses be of equal dimensions, i. e. unless the two
stars have the same parallax, or are equidistant from the

curth.

(811.) Now, micrometers, properly mounted, enable us

to measure very exactly both the distance between two
objects which can be seen together in the same field of a
telescope, and the position of the line joining them with
respect to the horizon, or the meridian, or any other deter-

minate direction in the heavens. The double image micro-
meter, and especially the heliometer (art. 200, 201.) is

peculiarly adapted for this purpose. The images of the two
stars formed side by side, or in the same line prolonged,

however momentarily displaced by temporary refraction or

instiiunental tremor, move together, preserving their relative

situation- the judgment of which is no way disturbed by such
irregular movements. The heliometer also, taking in a
greater range than ordmary micrometers, enables us to com-
pare one large star with more than one adjacent small one,

and to select such of the latter among many near it, as shall

be most favourably situated for the detection of any motion
in the large one, not participated in by its neighbours.

(812.) The star examined by Bessel has two such neigh-
bours, both very minute, and therefore probably very distant,

most favourably situated, the one (s) at a distance of T 42",
the other («') at 11' 46" from the large star, and so situated,

that their directions from that star make nearly a right angle
with each other. The effect of parallax therefore would
necessarily cause the two distances S s and S s' to vary so

as to attain their maximum and minimum values alternately

at three-monthly intervals, and this is what wa3 actually

observed to take place, the one distance being always most
rapidly on the increase or decrease when the other was
stationary ^the uniform effect of proper motion being under-
stood of course to be always duly accounted for). This
alternation, though so small in amount as to indicate, as a final
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result, a parallax, or rather a difference of parallaxes between

the large and small stars of hardly more than one third of a

second, was maintained with such regularity as to leave no

room for reasonable doubt as to its cause, and having been

confirmed by the further continuance of these observations,

and quite recently by the exact coincidence between the result

thus obtained, and that deduced by M. Peters from obser-

vations of the same star at the observatory of Pulkova*, is

considered on all hands as fully established. The parallax

of this star finally resulting from Bessel's observation is 0"-348

so that its distance from our system is very nearly three

parallactic units. (Art. 804.)

(813.) The bright star « Lyrae has also near it, at only

43" distance (and therefore within the reach of the parallel

wire or ordinary double image micrometer) a very minute

star, which has been subjected since 1835 to a severe and

assiduous scrutiny by M. Struve, on the same principle of

differential observation. He has thus established the exis-

tence of a measurable amount of parallax in the large star,

less indeed than that of 61 Cygni (being only about J of

a second), but yet sufficient (such was the delicacy of his

measurements) to justify this excellent observer in announcing

the result as at least highly probable, on the strength of only

five nights' observation, in 1835 and 1836. This probability,

the continuation of the meiisures to the end of 1838 and the

corroborative, though not in this case precisely coincident,

result of Mr. Peters's investigatione have converted into a

certainty. M. Struve has the merit of being the first to bring

into practical application this method of observation, which,

though proposed for the purpose, and its great advantages

pointed out by Sir William Herschel so early as 1781 f,

remained long unproductive of any result, owing partly to

the imperfection of micrometers for the measurement of

* With the great vertical circle by Ertel.

f It has been referred even to Galileo. But the general fjiplanation of

Parallax in the Systema Cosmicum, Dial. iii. p. 271 (Leydcn edit. 1699) to

which the reference applies, does not touch any of the peculiar features of the

case, or meet any of its difficulties.

m
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distance, and partly to a reason which we shall presently
have occasion to refer to.

(814.) If the component individuals S, s {fig. art. 810.)
be (as is often the case) very close to each other, the pa-
rallactic variation of their angle of position, or the extreme
angle included between the lines A c, C c, may be very con-
siderable, even for a small amount of difference of paral-
laxes between the large and small stars. For instance in
the case of two adjacent stars 15" asunder, and otherwise
favourably situated for observation, an annual fluctuation to
and fto in the apparent direction of their line of junction to
the extent of half a degree (a quantity which could not
escape notice in the meairs of numerous and careful measure-
ments) would correspond to a difference of parallax of only
^ of a second. A difference of \" between two stars appa-
rently situated at 5" distance might cause an oscillation in
that line to the extent of no less than 11°, and if nearer one
proportionally still greater. This mode of obsei-vation has
been applied to a considerable number of stars by Lord
Wrottesley, and with such an amount of success, as to make
its further application desirable. (Phil. Trans. 1851.*)

(815.) The following are some of the principal fixed stars
to which parallax has been up to the present time more or
less probably assigned

:

a Centauri
61 Cygni -

a Lyrijc

Sirius -

1830 Groombridge t
< Ursa; Midoris
Arcturug
I'ularis -

//

0-976 (Henderson, corrected by Peters.)
0-:H8 (Bessel.)

0-155 (W. Strove corrected by O. Strove.)
0-150 (Henderson corrected by Peters.)
0-71 (Wichmann)
01.33 (Peters)
0127 ditto

0067 ditto

0-046 dittoCapella

Although the extreme minuteness of the last four of these
results deprives them of much numerical reliance, it is at
least certain that the parallaxes by no means follow the order
of magnitudesi and this is farther shown by the fact that a
Cygni, one of M. Peters's stars, shows absolutely no indica-
tions of any measurable parallax whatever.

• Sm Phil. Trans. 1826, p. 266. et «,. and 1827. for a list of stars well
adapted for such observation, with the limes of the year „ost favourable — Tlie
list in Phil. Trans. 1826, is incorrect.

t Grooiiibridge's catalogue of circunipolar stars.

QQ
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i

(816.) From the distance of the stars we are naturally led

to the consideration of their real magnitudes. But here a

difficulty arises, which, so far as we can judge of what optical

instruments are capable of effecting, must always remam

insuperable. Telescopes afford us only negative mformation

as to the apparent angular diameter of any star. The round,

well-defined, planetary discs which good telescopes show

when turned upon any of the brighter stars are phajnodiena

of diffraction, dependent, though at present somewhat enig-

matically, on the mutual interference of the rays of light.

They are consequently, so far aa this inquiry is concerned,

mere optical illusions, and have therefore been termed ./J«reo««

discs. The proof of this is that telescopes of different aper-

tures and magnifying powers, when appUed for the purpose

of measuring their angular diameters, give different results, the

greater aperture (even with the same magnifying power)

giving the smaUer disc. That the true disc of even a large

and bright star can have but a very minute angular measure,

appears from the fact that in the occultation of such a star

by the moon, its extinction is absolutely instantaneous, not the

smaUest trace of graxlual diminution of Hght being perceptible.

The apparent or sn-mous dif c also remains perfectly round aiid

of its full size v.p to the lustant of disappearance, which could

not be the case were it a real object. If our sun were

removed to the distance expressed by our parallactic unit

(art. 804.), its apparent diameter of 32' l"-5 would be reduced

to only "-0093, or less than the hundredth of a second, a

quantity which we have not the smallest reason to hope any

practical improvement in telescopes will ever show as an

object having distinguishable /orm. ,.,,1.

(817 ) There remains therefore only the indication which the

quantity of light they send to us may afford. But here again

another difficulty besetc us. The light of the sun is so im-

mensely superior in intensity to that of any star, that it is

impracticable to obtain any direct comparison between them.

But by using the moon as an intennediatc term of con-panson

it may be done, not indeed with much precision, but sufficiently

well to satisfy in some degree our curiosity on the subject.

s*issssa|g|
L
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Now a Centauri has been directly compared with the moon by
the method explained in Art. 783. By a mean of eleven such
comparisons made in various states of the moon, duly reduced
and making the proper allowanco on photometric princii)lc3
for the moon's light lost by transmission through the lens and
prism, it appears that the mean quantity of light sent to the
earth by a full moon exceeds that sent by « Centauri in the
proportion of 27408 to I, Now Wollaston, by a method
apparently unobjectionable, found * the proportion of the
sun's light to that of the full moon to be that of 801072 to 1.

Combining these results, we find the light sent us by the sun
to be to that sent by « Centauri as 21,955,000,000, or about
twenty-two thousand millions to 1. Hence from the parallax
assigned above to that star, it is easy to conclude that its

intrinsic splendour, as compared with that of our sun at equal
distances, is 2-3247, that of the sun being unity.f

(818.) Tlie light of Siriua is four times that of « Centauri,
and its parallax only 0"-15. (Art. 230.) This in effect
ascribes to it an intrinsic splendour equal to 96-63 times that
of « Centauri, and therefore 224-7 times that of our sun. f

* Wollaston, Phii. Trans. 1829. p. 27,

t Results of Astronomicul Observations at the Cape of Good Hope, §-c. Art. 278
p. 363. Ifonly the resultc obtained near the quadratures of the moon (which
IS the situation most favourable to exactness) be used, the resulting value of the
inlrinsio light of the itar (the sun being unity) is 41586. On the other
hand. If only those procured near the full moon (the worst time for observation)
be employed, the result is 1 -4017. Discordances of this kind will startle no one
conversant with Photometry. That a CenUuri really emits more light than
our sun must, we conceive, be regarded as an established fact. T.j those whomay refer to the work cited it is necessary to mention that the quantity there
designated by M, expresses, on the scale there adopted, 500 times the actual
Illuminating power of the moon at the time of observation, that of the mean
full moon being unity.

o^*^^ ".'r
*"[''

'i*"**^
'"*^^' P- '"^'—Wollaston makes the ligh^ of Sirius one

20 TOO-millionth of the sun's. StcinheU by a very uncertain method found ft-
(3286500)" X Arotiirua.

au2



596 OUTLINES OF ASTRONOMY.

CHAPTER XVI.

VARIABLE AND PEHIODICAL STARS. — LIST OF THOSE ALREADY

KNOWN.— IRRICGULARXTIES IN THEIR PERIODS AND LUSTRE WHEN

BRIGHTEST.— IRREGULAR AND TEMPORARY STARS. — ANCIENT

CHINESE RECORDS OP SEVERAL.—MISSING STARS.—DOUBLE STARS.

THEHt CLASSIFICATION.— SPECIMENS OF EACH CLASS.— BINARY

SYSTEMS. REVOLUTION ROUND EACH OTHER. DESCRIBE EL-

LIPTIC ORBITS UNDER THE NEWTONIAN LAW OF GRAVITY. ELE-

MENTS OF ORBITS OF SEVERAL.— ACTUAL DIMENSIONS OF THEIR

ORBITS.—COLOURED DOUBLE STARS.— PHENOMENON OF COMPLE-

MENTARY COLOURS. — SANGUINE STARS. PROPER MOTION OF THE

STARS. —PARTLY ACCOUNTED FOR BY A REAL MOTION OF THE

8DN. SITUATION OF THE SOLAR APEX. AGREEMENT OF SOUTH-

ERN AND NORTHERN STARS IN GIVING THE SAME RESULT.— PION-

CIPLE8 ON WHICH THE INVESTIGATION OF THE SOLAR MOTION

DEPENDS.— ABSOLUTE VELOCITY OF THE SUN'S MOTION.— SUP-

POSED REVOLUTION OP THE WHOLE SIDEREAL SYSTEM ROUND A

COMMON CENTER. SYSTEMATIC PARALLAX AND ABERRATION.

EFFECT OF THE MOTION OP LIGHT IN ALTERING THE APPARENT

PERIOD OF A BINARY STAR.

(819.) Now, for what purpose are we to suppose such

magnificent bodies scattered through the abyss of space?

Surely not to illuminate our nights, which an additional moon

of the thousandth part of the size of our own would do much

better, nor to sparkle as a pageant void of meaning and rea-

lity, and bewilder us among vain conjectures. Useful, it is

true, they are to man as points of exact and permanent

reference ; but he must have studied astronomy to little

purpose, who can suppose man to be the only object of his

Creator's care, or who does not see in the vast and wonderful

apparatus around us provision for other races of animated

beings. The planets, as we have seen, derive their lightfrom

the sun ; but that cannot be the case with the stars. These

doubtless, then, are themselves sims, and may, perhaps, each

r
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in its sphere, be the presiding center roumt which other

planets, or bodies of which we can form no conception from

any analogy offered by our own system, may be circulating.

(820.) Analogies, however, more than conjectural, aic not

wanting to indicate a correspondence between the dynamical
laws which prevail in the remote regions of the stars and those

which govern the motions of our own system. Wherever wo
can trace the law of periodicity— the regular recurrence of

the same phasnomena in the same times— we are strongly

impressed with the idea of rotatory or o. uitual motion.

Among the stars are several which, though no way distin-

guishable from others by any apparent change of place, nor

by any difference of appearance in telescopes, yet undergo
a morb ^t less regular periodical increase and diminution of

lustre, involving in one or two cases a complete extinction

and revivah These are called periodical stars. The longest

known and one of the most remarkable is the star Omicron,

in the constellation Cetus (sometimes called Mira Ceti), which
was first noticed as variable by Fabricius in 1596. It ap-

pears about twelve times in eleven years, or more exactly in

a period of 331** 8*"- 4" 16'; remains at its greatest bright-

ness about a fortnight, being then on some occasions equal

to a large star of the second magnitude ; decreases during

about three months, till it becomes completely invisible to

the naked eye, in which state it remains about five months

:

and continues increasing during the remainder of its period.

Such is the general course of its phases. It does not always

however return to the same degree of brightness, nor increase

and diminish by the same gradations, neither are the successive

intervals of its maxima equal. I rom the recent observations

and inquiries into its history by M. Argelander, the mean
period above assigned would appear to be subject to a cyclical

fluctuation embracing eighty-eight such periods, and having

the effect of gradually lengthening and shortening alternately

those intervals to the extent of twenty-five days one way and

the other.* The irregularities in the degree of brightness

attained at the maximum are probably also periodical.

, • Astronom. Nachr. No. C24.

Q (13
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Ilevelius relates* that during the four years between October

1672 and December 1676 it did not appear at all. It waa

unusually bright on October 6. 1839 (tlie epoch of its maxi-

mum for that year according to M. Argelander's observations)

when it exceeded a Ceti and equalled ^ Aurigro in lustre.

(821.) Another very remarkable periodical star is that

called Algol, or /9 Tcrsei. It is usually visible as a star of

the second magnitude, and such it continues for the space

of 2** 13i^ when it suddenly begins to diminish in splendour,

and in about 3^ hours is reduced to the fourth magnitude, at

which it continues about IS"". It then begins again to in-

crease, and in Z\ hours more is restored to its usual brightness,

going through ;.:i its changes in 2" 20'' 48" 54-7. This re-

markablo law of variation certainly appears strongly to

suggest the revolution round it of some opaque body, which

when interposed between us and Algol, cuts off a large

portion of its light ; and this is accordingly the view taken of

the matter by Goodricke, to whom we owe the discovery of

this remai-kable factj, in the year 1782; since which time

the same phajnomena have continued to be observed, but with

this remarkable additional point of interest ; viz. that, the

more recent observations as compared with the earlier ones

indicate a diminution in the periodic time. The latest ob-

servations of Argelander, Heis, and Schmidt, even go to prove

that this diminution is not uniformly progressive, but is ac-

tually proceeding with accelerated rapidity, which however

will probably not continue, but, like other cyclical combina-

tions io astronomy, will by degrees relax, and then be

changed into an increase, according to laws of periodicity

which, as well as their causes, remain to be discovered. The

• Lalande's Astronomy, Art. 794.

f The same discovery appears to have boon made nearly about the same time

by Palitasch, a farmer of Prolitz, near Dresden,— a peasant by station, an astro-

nomer by nature, — who, from his familiar acquaintance with the aspect of the

heavens, had been led to notice among so many thousand stars this one as dis-

tinguislied from the rest by its variation, and had ascertained its period. The

same Palitzeb was also the first to re-discover the predicted comet of Halley in

1759, which he saw nearly a month before any of the astronomers, who, armed
with their telescopes, were anxiously watching its return. These anecdotes

carry us back to tlie era of the Chaldean shephtrcls. RIontanari in 1 669, and

iNInrnldi in 1694, had already noticed a iiuctuatiun of brightness iif Algol.
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first minimum of this star in the year 1844 occxurcd on Jan.

3. at 4'' 14" Greenwich mean time.*

(822). The star 8 in the constellation Cepheus is also sub-

ject to periodical variations, which, from the epoch of its first

observation by Goodricke in 1784 to the present time, have
been continued with perfect regularity. Its period from
minimum to minimum is S** 8** 47" 3 9"

-5, the first or epochal

minimum for 1849 falling on Jan. 2. S"* 13" 37* M. T. at

Greenwich. The extent of its variation is from the fifth to

between the third and foui-th magnitudes. Its increase ia

more rapid than its diminution, the interval between the

mininnun and nmxhnum of its light being only !'• 14\ wliile

that from the maximum to the minimum is S"* 19\
(823.) The periodical star ^ Lyra;, discovered by Good-

ricke also in 1784, has a period which has been usually stated

at from 6* 'd^ to 6"* 1 1^ and there is no doubt that in about
this interval of time its light undergoes a remarkable diminu-

tion and recovery. The more accurate observations of M.
Argelander however have led him to conclude f the true

period to be 12" 21" 53" 10», and that in this period a double

maximum and minimum takes place, the two maxima being

nearly equal and both about the 3-4 magnitude, but the

minima considerably micqual, viz. 4*3 and 4 '5m. In addition

to tills curious subdivision of the whole interval of chan<Tc

into two semi-periods, wo are presented in the case of

this star with another instance of slow alteration of period,

which has all the appearance of being itself periodical. From
the epoch of its discovery in 1784 to the year 1840 the period

was continually lengthening, but more and more slowly,

till at the last-mentioned epoch it ceased to increase, and has

since been slowly on the decrease. As an epoch for the

least or absolute minimum of this star, M. Argelander's cal-

culations enable us to assign 1846 January 3"* 0'' 9" 53»

G. M. T. ,

(824.) Another periodical star whose changes have been

• Alt. Nach. No. 472.

f Astron. Nachr. No. 624. See also the valuable papers by this excellent
ostroaomer in A. N. Nos. 417, 4S5, &c.

QQ 4
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carefully observed in rj Aquiloo or Antinoi, first pointed out

by Pigott in 1784 (a year fertile in such discovcrieB) as bo-

longing to that class. Its i^rioU is 7''4'' 13" 53', the first

minimum for 1 849 occurring on Jan. 2, at 1 9" 22" 55" G. M. T.

It occupies fifty-seven hours in its increase iVom 5m to 4'3m,

and 116 hours in its decrettse.

The following list comprises moat of the variable stars at

present known :
—

1 1
Magn.

BUT. a A.
1860.

N P. D.
ISfiO.

Period.
Uayi.

DlicoTcred by.

Max. HIn.

T Pise. - 0° 24' 76° 23' 95 11 242 + Luther, 185."!,

a Cast. 33 34 17 2 2-5 79-1 Birt, 1831.

S l»i»o. - 1 10 81 51 9 13 - Hind, 1851.

11 Piso. - 1 2:1 87 54 7-5 9-5 343 Hind, 1850.

Ceti 2 12 93 40 2 12 331-3.36 Kabricius, l.'ige.

fi Pers. - )i 58 49 38 2-3 4 5 2-8673 Goodricke, 17H2.

A Taur. - a .54 77 56 4 5-4 -»! Daxeiidell, 1848.

U Taur. - 4 20 80 10 8 13-5 - Hind, 1849.

H Orio. - 4 51 82 6 9 12-5 237? Hind, 1848.

< Auri. 4 51 46 24 3 4 250+ Heis, 1846.

4 S3 105 2 7 .
~-

Schmidt, 1855.

a Orio. - 5 47 82 38 1 1-5 196 + J. Ilcrschel, 1 8.36.

f Geml - fi 25 69 13 3-7 4-5 10-15 Schmidt, 1847.

R Gemi. • 6 58 67 4 7 11 370 Hind, 1848.

R Can. ra. - 7 79 44 8 - - Argelander, 1854.

S Can. m. - 7 25 81 22 8-1 - - Hind, 1856.

S Gemi. - 7 34 66 12 9 13-5 295 Hind, 1848.

T Gemi. - 7 40 65 54 9 13-5 287 Hind, 1848.

U Gemi. - 7 46 67 37 9 13 5 100? Hind, 1855.

R Cane. - 8 8 77 51 6 10 380 Schwtrd, 1829.

S Cane, - 8 35 70 25 8 10-5 9-4S4 Hind, 1848.

8 to 86 22 8-5 13 5 260 Hind, 1848.

8 48 69 95 8-5 12 . Hind, 1850.

8 49 98 3!. 8-5 10-5 240 + Hind, 1851.

a Hyd. - 9 20 98 2 -J 3 55 J. Herschel, 1837.

3 I>coii. - 9 21 81 10 6 78 Smyth,-?
>)/ Leon. 9 36 75 18 6 Long. Montanari, 1667.

11 Leon. - 9 39 77 S3 5 10 3137 Koch, 1782.

11 Urs. M. 10 .S4 20 26 7-5 13 •SOI -35 Pogson, 1853.

7) Argus • 10 39 148 54 1 4 Irreg. Uurchell, 1823.

a Urs. M. 10 54 27 26 1-5 2 Long. Lalande, 1786.

8 Urs. M. 12 8 32 8 2 2-5 Long.

R Virg. .. 12 31 82 11 6-5 11 145-724 Harding, 1809.

S Urs. M. 12 37 28 5 7 12 221-750 Pogson, 1853,

V Hydr, - 1.S 22 112 20 4 10 495 Maraldi, 1704.

S Virg. - 13 25 96 25 5 5 II 3T7? Hind, 1852,

t; Urs. M. 13 42 39 56 1-5 2 Long. Lalande, 1786.

Libr. - 14 45 101 45 8 9 5 - Schumacher,—?

j8 Urs. in. - 14 51 15 14 2 2-5 Long. Struve, 1838,

S Serp. - 15 15 75 9 8 10 3G7 Harding. l8'->8
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Uax. Min.

11 Cor. n. 15° 4 J' 61° 23' . 323 Pigutt, 179.5.

U Sorp. - 15 44 74 24 6-3 10 359 Harding, 1826.
16 9 112 20 9 12 . Chacornac, 1855.

S Ophi. . 16 26 106 52 93 1.T5 220 ± Pogson, 1854.
• Nova . 16 SI 102 39 4-5 13-5 - Hind, 1848.
11 Ophi. - 16 59 105 53 8 1.1 396? Pogson, 1853.
a Here. 17 8 75 26 31 3-7 6633? W.IIcrschcl,1795.
K Cor. A. 18 23 128 50 3 6 Long. Hallry, 1676.
U Scut, . 18 39 9.'; 51 5 9 61 Pigott. 1795.
/J Lyr/ii 18 45 56 49 3-5 4-5 12914 Goodrickc, 1784.
13 Lyric - 18 51 46 15 4-3 4-6 48 Uaxendcll, 1856.
11 Cygn. . 19 33 40 8 8 14 415-.50 Pogson, 1812.

X f^.vg'i- • 19 41 56 37 5 11 40C-06 Kirch, 1687.
i; A(|ui. 19 45 89 22 3-3 4'7 7-1763 Pigott, 1784.
R Capr. - 20 3 104 42 9 5 13-5 . Hind, 1818.
34 Cynn. - 20 12 52 26 3 6 18 years? Janson, 160O.

Uelph. - 20 33 77 49 8 8 — 274? Striive. 1823.
Irs. m. - 20 38 1 20 5 11 - Pogson, 1853.

n Cypn. - 21 20 .1.5 19 4-5 5 5 Long. J. Hersclit'l, 1 842.

H Ci'ph. 21 39 31 54 3 6 Long. VV.Horschcl, 1782.
.S I'egn. - 22 15 82 44 8-5 13-5 - Hind, 1848.
S Ceph. . 22 24 32 31 3-7 4-7 5-3664 Goodriuku, 1784.
/3 Pega. - 22 57 62 44 2 2-5 41 Schmidt, 1848.
U Puga. . 22 59 80 16 8-5 135 .350 Hind, 18 18.

R Aijua. - 23 37 106 G 6-5 10 388-50 Harding, 1810.
R Cats. - 23 51 39 26 6 14 434? Pogson, 1853.

(826.) Irregularities similar to those which have been
noticed in the case of o Ceti, in respect of the maxima and
rainimr, of brightness attained in successive periods, have been
also observed in several others of the stars in the foregoing

list. X Cygni, for example, is stated by Cassini to have been
scarcely visible throughout the years 1699, 1700, 1701, at

those times when it was expected to be most conspicuous.

No. 59 Scuti is sometimes visible to the naked eye at its

minimum, and sometimes not so, and its maximum is also very
irregular. Pigott's variable star in Corona is stated by M.
Argelander to vary for the m^^st part so little that the unaided
eye can hardly decide on its maxima and minima, while yet
after the lapse of whole years of these slight fluctuations, they
suddenly become so great that the star completely vanishes.

The variations of « Orionis, wliich were most striking and un-
equivocal in the years 1836 — 1840, within the years since

elapsed became much less conspicuous. In Jan. 184!) they
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had rccommcncctl ; and on Dec. 5th, 1852, Mr. Fletcher ob-

served « Orionia brighter than Capella, and actually the

largest Btar in the Northern hemisphere. The star called U
Ocminoruni, in the list above given, is stated by Mr. Pogson

to be subject to alternations or twinklings of light from tho

nintli to the thirteenth magnitude, in intervals from nine to

fifteen seconds, neighbouring stars of equal brightness re-

maining steady 1

(827.) These irregularities prepare us for other phajnomena

of stellar variation, which have hitherto been reduced to no

law of periwlicity, and must be looked upon, in relation to

our ignorance and inexperience, as altogether casual ; or, if

periodic, of periods too long to have occurred more than once

within tho limits of recorded observation. The phaBnomena

we allude to are those of Temporary Stars, which have ap-

peared, from time to time, in different parts of the heavens,

blazing forth with extraordinary lustre ; and after remaining

awhile apparently immovable, have died away, and left no

trace. Such is the star which, suddenly appearing some time

about the year 125 B. c, and which was visible in the day-

time, Is said to have attnicted the attention of Ilipparchus,

and led him to draw up a catalogue of stars, the earliest on

record. Such, too, was the star which appeared, A. D.

^B9, near « AquilaB, remaining for three weeks as blight as

Venus, and disappearing entirely. In the years 945, 1264,

and 1572, brilliant stars appeared in the region of the hea-

vens between Cepheus and Cassiopeia ; and, from the im-

perfect account we have of the places of the two earlier, as

compared with that of the last, which was well determined,

OS well as from the tolerably near coincidence of the intervals

of their appearance, we may suspect them, with Goodricke,

to be one and the same star, with a period of 312 or perhaps

of 156 years. The appearance of the star of 1572 was so

sudden, that Tycho Brahe, a celebrated Danish astronomer,

returning one evening (the 11th of November) from his la-

boratory to his dwelling-house, was surprised to find a gr up

of country people gazing at a star, which he was sure did not

exist half an hour before. This was the star in question. It
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was then as bright aa Siriii«, and continued to increase till

it surpartHcd Jiqtiter when brightctit, and was visibK' at mid-

day. It began to diminish in December of tho same year,

and in March, 1574, had entirely disappeared. So, alcio, on

the lOtti of October, 1604, a star of this kind, and not lese

brilliant, burnt forth in tho constellation of Serpentarius,

which continued viniMc till October, 1605.

(828.) Similar plucnomena, though of a less splendid cha-

racter, have taken pl.-ice more recently, us in the case of tho

star of the third magnitude discovered in 1670, by Anthchn,

in he head of the Swan ; w Inch, after becoming completely

invisible, ro-.'vppeared, and, after undergoing one or two sin-

gular fluctuations of light, during twoycai's, at last died away

entirely, an'' '^hf not since been seen.

(829.) iho "-ight of the 28th of April, 1848, Mr. Hind
observe^ '\ n'ar o^ 'he fifth magnitude or 5'4 (viry confpi-

cuouB to thi nakea ye) in a part of the constellation Opliiu-

chua (R.A. ".!'^ 51' 1''5. N.P.D. 102° 39' 14"), whore, from

perfect fam. .nty with that region, he was certain that up

to the 5th of that month Ui star so bright aa f'lO n>. pre-

viously existed. Neither has any record been discovered of

a star being there observed at any previous time. From tho

time of its discovery it continued to diminish, without my
alteration of place, am^ before the advance of the season ren-

dered further observation impracticable, was nearly extinct.

Its colour was ruddy, and was thought by many obst vera to

undergo remarkable changes, an efi'oct probably of its low

situation.

(830.) The alterations of brightness in tho southern star

7} Arg&s, which have been recorded, are very singular and

suqmsing. In the time of Hallcy (1677) it apj ured as a

star of the fourth magnitude. Laoaille, in 1751, observed it

of the second. In the interval from 1811 to 1815, it was

again of tho fourth; ami again from 1822 to 1826 of the se-

cond. On the 1st of February, 18Sil7, it was 'vol'cfcd by

Mr. liurchell to have increased to tho first magnitude, and to

equal a Crucis. Thence again it receded to the second ; and

so continued until the end of 1837. All at once in tho be-

i
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ginning of 1838 it suddenly increased in lustre so aa^ to

surpass all the stars of the first magnitude except Sirius,

Canopus, and « Ceutauri, which last star it nearly equalled.

Thence it again diminished, but this time not below the first

magnitude until April, 1843, when it had again increased so

as to surpass Canopus, and nearly equal Sirius in splendour.

« A strange field of speculation," it has been remarked, " is

opened by this phasnomenon. The temporary stars heretofore

recorded have all become totally extinct. Variable stars, so

far as they have been carefully attended to, have exhibited

periodical alternations, in some degree at least regular, of

splendour and compamtive obscurity. But here we have a

star fitfully variable to an astonishing extenl^nd whose fluc-

tuations are spread over centuries, apparently in no settled

period, and with no regularity of progression. What origin

can we ascribe to these sudden flashes and relapses ? What

conclusions are we to draw as to the comfort or habitability

of a system depending for its supply of light and heal on so

uncertain a source ?" Speculations of this kmd can hardly be

termed visionary, when we consider that, from what has

before been said, we are compelled to admit a community of

nature between the fixed stars and our own sun ; and y^hen

we reflect that geology testifies to the fact of extensive

changes having taken place at epochs of the most remote an-

tiquity in the climate and temperaturaof our globe ; changes

difficnlt to reconcile with the operation of secondary causes,

such as a different distribution of sea and land, but which

would find an easy and natural explanation in a slow variation

of the supply of light and heat afforded primarily by the sun

itself.

(831.) The Chinese annals of Ma-touan-lin *, in which stand

officially recorded, though rudely, remarkable astronomical

p'-senomena, supply a long list of " strange stars," among

which, though the greater part are evidently comets, some

may be recognized as belonging in all probability to the class

of Temporary Stars as above characterized. Such h that

which is recorded to have appeared in A. D. 173, between «

• Translated by M. Eclwanl Biot, Connoissance des Temps, 1846.
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and /3 Centauri, which (no doubt, scintillating from its low

situation) exhibited " the five colours," and remained visible

from December in that year till July in the next. And
another which these annals assign to a.d. 1011, and which

would seem to be identical with a star elsewhere referred to

A. D. 1012, " which was of extraordinary brilliancy, and re-

mained visible in the southern part of the heavens during

three months," * a situation agreeing with the Chinese re-

cord, which places it low in Sagittarius. Among several less

unequivocal is one referred to B. ;. 134, in Scorpio, which

may possibly have been Hipparchus's star. None of the

stars of A. D. 389, 945, 1264, and 1572, however, are noticed

in these recordlT It is worthy of especial notice, that aU the

stars of this kind on record, of which the places are distinctly

indicated, have occuiTed, with^ ' exception, in or close upon

the borders of the Milky Way, and that only within the fol-

lowing semicircle, the preceding having offered no example

of the kind.

(832.) On a careful re-examination of the heavens, and a

comparison of catalogues, many stars are now found to be

missing ; and although there is no doubt that these losses

have arisen in the great majority of instances from mistaken

entries, and in some from planets having been mistaken for

stars, yet in some it is equally certain that there is no

mistake in the observation or entry, and that the star has

really been observed, and as really has disappeared from the

heavens. The whole subject of variable stars is a branch of

practical astronomy which has been too little followed up,

and it is precisely that in which amateurs of the science, and

especially voyagers at sea, provided with only good eyes, or

moderate instruments, might employ their time to excellent

advantage. It holds out a sure promise of rich discoveiy,

and is one in which astronomers in established observatories

are almost of necessity precluded from taking a part by the

nature of the observations required. Catalogues of the com-

* Hind, Notices of til? Astronomical Society, viii. 156., citing Hepidannus.
He places the Chinese star of 173 b.c. between a and j8 Canis Minorit, but M.
Biot distinctly says a, /8 pied oriental du Centaure.

wm
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parative brightness of the stars in each constellation have

been constructed by Sir Wm. Herechel, with the express

object of faciUtating these researches, and the reader will

find them, and a full account of his method of comparison, in

the Phil. Trans. 1796, and subsequent years.

(833.) "We come now to a class of phaenomena of quite a

different character, and which give us a real and positive

insight into the nature of at least some among the stars, and

enable us unhesitatingly to declare them subject to the same

dynamical laws, and obedient to the same power of gravita-

tion, which governs our own system. Many of the stars,

when examined with telescopes, are found to be double, i. e.

to consist of two (in some cases three or more) individuals

placed near together. This might be atti-ibuted to accidental

proximity, did it occur only in a few instances ; but the fre-

quency of this companionship, the extreme closeness, and, in

many cases, the near equality of the stars so conjoined, would

alone lead to a strong suspicion of a more near and intimate

relation than mere casual juxtaposition. The bright star

Castor, for example, when much magnified, is found to con-

sist of two stai-8 of nearly the third magnitude, within 5" of

each other. Stars of this magnitude, however, are not so

common in the heavens as to render it otherwise than exces-

sively improbable that, if scattered at random, they would

fall so near. But this improbability becomes immensely in-

creased by a consideration of the fact, that this is only one out

of a great many similar instances. Michell, in 1 7 6 7, applying

the rules for the calculation of probabilities to the case of the

six brightest stars in the group called the Pleiades, found

the odds to be 500000 to 1 against their proxunity being,

the mere result of a random scattering of 1500 stars (which

he supposed to be the total number of stars of that magnitude

in the celestial sphere*) over the heavens. Specixlating

further on this, as an indication of physical connexion rather

than fortuitous assemblage, he was led to suiinise the possi-

bility (since converted into a certainty, but at that time.

* This number is considerably too small, and in consequence, Michell's odds

in this case materially overrated. But enough will remain, if thb be rectified,

fully to bear but his argument. Phil. Trans, vol. 57.
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antecedent to any observation) of the existence of compound

stara revolving about one anothei", or rather about their com-

mon center of gravity. M. Struve, pursuing the same train

of thought as applied specially to the cases of double and

triple combinations of stare, and grounding his computations

on a more perfect enumeration of the stars visible down to

the 7th magnitude, in the part of the heavens visible at Dor-

pat, calculates that the odds are 9570 to 1 against any two
stars, from the Ist to the 7th magnitude inclusive, out of the

whole possible number of binary combinations then visible,

falling (if fortuitously scattered) within 4" of each other.

Now the number of instances of such binary combinations

actually observed at the date of this calculation was already

91, and many more have since been added to the list. Again,

he calculates that the odds against any such stars fortuitously

scattered, falling within 32" of a third, so as to constitute a

triple star, is not less than 173524 to 1. Now, four such

comuinations occur in the heavens ; viz. 6 Orionis, tr Orionis,

1 1 Monocerotis, and ? Cancri. The conclusion of a physical

connexion of some kind or other is therefore imavoidable.

(834.) Presum[)tive evidence of iiaother kind is furnished

by the following consideration. Both « Ccntauri and 61

Cygni are " Double Stars." Both consist of two individuals,

nearly equal, and separated from each other by an interval

of about a quarter of a minute. In the case of 61 Cygni,

the stars exceeding the 7th magnitude, there is already a primA

facie probability of 9578 to 1 against their appai'ent proximity.

The two stars of % Centauri are both at least of the 2nd
magnitude, of which altogether not more than about 50 or

60 exist in the whole heavens. But, waving this considera-

tion, both these stars, as we have already seen, have a proper

motion so considerable that, supposing the constituent indi-

viduals unconnected, one would speedily leave the other be-

hind. Yet at the earliest dates at which they were respec-

tively observed these stars were not perceived to be double,

and it is only to the employment of telescopes magnifying at

least 8 or 10 times, that we owe the knowledge we now
possess of their being so. With such a telescope Lacaillc, in
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1761, was barely able to perceive the separation of the two

conetituents of « Centauri, whereas, hnd one of them only-

been affected with the observed proper motion, they should

then have been 6' asunder. In these cases then some phy-

sical connexion may be regarded as proved by this fact alone.

(835.) Sir William Herschel has enumerated upwards of

500 double stars, of which the individuals are less than 32"

asunder. M. Struve, prosecuting the inquiry with instru-

ments more conveniently mounted for the purpose, and

wrought to an astonishing pitch of optical perfection, has

added more than five times that nxunber. And other ob-

servers have extended still further the catalogue of " Double

Stars," without exhausting the fertiUty of the heavens.

Among these are a great many in which the distance between

the component individuals does not exceed a single second.

They are divided into classes by M. Struve (the first living

authority in this department of Astronomy) according to the

proximity of their component individuals. The first class

comprises those only in which the distance does not exceed

1"; the 2nd those in which it exceeds I" but falls short of 2"

;

the 3rd class extends from 2" to 4" distance ; the 4th from

4" to 8" ; the 5th from 8" to 12"; the 6th from 12" to 16";

the 7th from 16" to 24", and the 8th from 24" to 32". Each

class he again subdivides into two sub-classes of which the

one under the appellation of conspicmm double stars (duplices

lucidse) comprehends those in wliich both individuals exceed

the 8:^ magnitude, that is to say, are separately bright «nough

to be easily seen in any moderately good telescope. All

others, in which one or both the constituents are below this

limit of easy visibility, are collected into another sub-class,

which he terms residuary {Duplices reliquai). This arrange-

ment is so far convenient, that after a little practice in the

use of telescopes as applied to such objects, it is easy to judge

what optical power will probably eutfice to resolve a star of

any proposed class and either sub-class, or would at least be

so if the seconder residuary sub-class were further subdivided

by placing in a third sub-class
'

' delicate " double stars, or

those in which the companion star is so very minute aa to
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require a high degree of optical power to perceive it, of which
instances will presently be given.

(836.) The following may be taken as specimens of each
class. They are all taken from among the lucid, or conspi-

cuous stars, and to such of our readers as may be in possession
of telescopes, and may be disposed to try them on such ob-
jects, will afford him a ready test of their degree of eflSciency.

7 CoroniB Bor,

y Centauri.

y Lupi.
c Arietis.

C Herculis.

y 2 Andromcdc.

y Circini.

8 Cygni.

< ChamiElcontis.

Class I.,

1} Coronae.

71 Herculis.

X Cassiopeiee.

\ Opliiuchi,

' Lupi.

A Cygni.

Class 11.

C Bootis.

( Cassiopeiffi.

a Piscium.

3 Hydra.
y Ceti.

y Leonis.

y Coroiue Aus.

a Crucis.

a Herculis.

a Geminorutn.
S Geminorum.

C Coronae Bor,

$ Orionis.

7 Arietis.

7 Delphini.

a Centauri.

j8 Cephei.

/3 ScorpiL

a Canum Ven;
e Norms.
C Piacium.

8 Herculis.

V Lyrte,

I 9 Cancri.

Class

7 Virgin is.

8 Serpentis.

( Bootis.

f Sraconis,

e Hydra;.

Class

Phoenicis.

K Cephei.

\ Orionis.

M Cygni.

( Bootis.

0" to 1".

1 Ophiuchi.

<p Draconis.

<p Ursce Majoris.

X AquiljB.

u Leonis.

<p Andromeda.

, 1" to 2".

£ Ursa! Majoris.
It Aquilffi.

0° Curonie Bor.

Atlas Pleiadum.
4 Aquarii.

5 Aquarii.

42 Comas.
52 Arietis.

66 Piscium.

2 Camelopardi.
32 Orionis.

52 Orionis.

III., 2" to 4".

C Aquarii.

( Orionis.

I Leonis.

< Trianguli.

K Leporls.

IV., 4" to 8".

i Cephei.

T Bootis.

p Capricomi.
V Argfls.

w Aurigs.

Class v., 8" to 12".

C Antliae.

1} CassiopeisB.

Eridani,

H Draconis.

ft Canis.

p Herculis.

IT Cassiopeis.

44 Bootis.

I* Eridani.

70 Ophiuclii.

12 Eridani.

32 Eridani.

95 Herculia.

I Orionis.

f Eridani.

3 Canum Ven.

Class VI., 12" to 16".

7 Volantis. « Bootis.

V LupL 8 Monocerotis.
CUrsasMnjor. 61 CygnL

Class VII., 16" to 24".

Serpentb. 24 Coma.
K Corona Aua. 41 Draconis.

X Tauri. 61 Ophiuchi.

Class Vin., 24" to 32".

« Herculis.
;f Cygni,

K Cephei. 23 Orionis.

B B

li
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(837.) Among the most remarkable triple, quadruple, or

multiple stars (for such also occur), iia> be enumerated.

7 AndroraecUh

* Lyre
( Cancri.

S Orionis.

H Lupi.

H Bootis.

II Moi'.ooerotia.

18 Lynoii.

Of these, y Andromedan. |* Bo-.tb, am. ^. T.upi t p )ear id

tei( scopes, ev^n of consMerable optical pcvef, only .h ordi-

nary double stars; and it ii only ..uen excellent instruments

are u% d that their emaUer com, -inions ara subdivided and found

to be, In fact, ;.xtremely close double stars. « Lyns oflera

the remarkable combination of a double-double star. Viewed

with a te' jscope of l.v/ P'wer it appears as a caiwt and easUy

divided double star, but on niiicasing the iiusgnifyiag power,

each individual i« perceive.! to be heautifuUy and closely

double, tiie one pair beh.g about 21", the other about 3

a,-:a .der. Each of the stars ? Cancri, g Scorpii, 1 1 Monoce-

rotis, and 12 Lyncis consists of a principal star, closely double,

and a smaller and more ditant attendant, while 9 Onoms

presents the phaenoraenon of four brilliant principal stars, of

the respective 4th, 6th, 7tb, and 8th magnitudes, forming a

trapezium, the longest diagonal of which is 21"-4, and ac-

companied by two excessively minute and very close com-

panions (as in the annexed figure), to perceive both which is

one of the severest tests which can be applied to a telescope.

(838.) Of the "delicate" sub-class of double stars, or those

consisting of very krge and conspicuous principal stars, ac-

companied by very minute companions, the following speci-

mens may suffice

:

a 2 Cancri.

a 2 Capricorni.

a Indi.

a Lyras.

a Polaria.

t Scorpii.

jS Aquarit.

7 Hydrs.

1 Ur8« M^joris.

K Circini.

K Geminorum.
,•(, Persei.

7 Bootis.

^ Virginis.

X Etidani.

IC AurigiB.
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10 AurigJe.

(839.) To the amateur of Astronomy the double stars offer

a subject of very pleasing interest, aa tests of the performance

of his telescopes, and by reason of the finely contrasted

colours which many of them exhibit, of which more hereafter.

But it is the high degree of physical interest which attaches

to them, which assigns them a conspicuous place in modern
Astronomy, and justifies the minute attention and unwearied

diligence bestowed on the measurement of their angles of

position and distances, and the continual enlargement of our

catalogues of them by the discovery of new ones. It was,

as we have seen, under an irapres lion that such combinations,

if diligently observed, might afford a measure of parallax

tlirough the periodicul variations it might be expected to

produce in the relative situation of the small attendant star,

that Sir W. Herschel was induced (between the years 1779

and 1784) to form the first extensive catalogues of them,

under the scrutiny of higher magnifying powers than had

ever previously been applied to such purposes. In the pur-

suit of this object, the end to which it was instituted as a

means was necessarily laid aside for a time, until the accu-

mulation of more abundant materials should have afforded a

choice of stars favourably circumstanced for systematic ob-

servation. Epochal measm'es however, of each star, were

secured, and, on resuming the subject, his attention was

altogether diverted from the original object of the inquiry

by phaenomena of a very unexpected character, which at once

engrossed hifa whole attention. Instead of finding, as he ex-

pected, that annual fluctuation to and fro of one star of a

double star with respect to the other,— that alternate annual

increase and decrease of their distance and angle of position,

which the parallax of the earth's annual motion would pro-

duce,— he observed, in many instances, a regular progressive

change; in some cases bearing chiefly on their distance,— in

others on their position, and advancing steadily in one direc-

tion, so as clearly to indicate either a real motion of the stars

themselves, or a general rectilinear motion of the sun and

whole solar system, producing a parallax of a higher order

than would arise from the earth's orbitual motion, and which

might be called systematic parallax.
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(840.; Supposing the two stars, and also the sun, in motion

independently of each other, it is clear that for the interval

of several years, these motions must be regarded as rectilinear

and uniform. Hence, a very slight acquaintance with geo-

metry will suffice to show that the apparent motion of one

star of a double star, referred to the other as a center, and

mapped down, as it were, on a plane in which that other shall

be taken for a fixed or zero point, can be no other than a

right hne. This, at least, must be the case if the stars bo

independent of each other; but it will be otherwise if they

have a physical connexion, such as, for instance, real proxi-

mity and mutual gravitation would establish. In that case,

they would describe orbits round each other, and round their

common center of gravity ; and therefore the apparent path

of either, referred to the other as fixed, instead of being a

portion of a straight line, would be bent into a curve concave

towards that other. The observed motions, however, were

so slow, that many years' observation was required to ascer-

tain this point ; and it was not, therefpre, until the year

1803, twenty-five years from the commencement of the in-

quiry, that any thing like a positive conclusion could be come

to respecting the rectilinear or orbitual character of the ob-

served changes of position.

(841.) In that, and the subsequent year, it was distinctly

announced by him, in two papers, which wiU be Tound in the

Transactions of the Royal Society for those years*, that there

exist sidereal systems, composed of two stars revolving about

each other in regular orbits, and constituting what may be

termed binary stars, to distingi ish them from double stars

generally so called, in which these physically connected stars

are confounded, perhaps, with others only optically double, or

casually juxtaposed in the heavens at different distances from

the eye ; whereas the individuals of a binary star are, of

course, equidistant from the eye, or, at least, cannot differ

more in distance than the semi-diameter of the orbit they

describe about each other, which is quite insignificant com-

pared with the immense distance between them and the earth.

» The announcement was in feet made in 1S02, but unaccompanied by the

observations establishing the feet.
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Between fifty and sixty instances of changes, to a greater or
less amount, in the angles of position of double stars, arc
adduced in the memoirs above mentioned ; many of which
are too decided, and too regularly progressive, to allow of
their nature being misconceived. In particular, among the
more conspicuous stars,— Castor, y Virginis, f Ureaj, 70
Ophiuchi, 0- and 1} Coronae, f Bootis, »j Cassiopeiae, y Leonis,

K Herculis, 8 Cygni, ^ Bootis, i 4 and « 5 Lyrte, A Ophiuchi,

^ Draconis, and < Aquarii, are enumerated as among the
most remarkable instances of the observed motion ; and to
some of them even periodic times of revolution are assigned

;

approximative only, of course, and rather to be regarded as
rough guesses than as results of any exact calculation, for

which the data were at the time quite inadequate. For in-

stance, the revolution of Castor is set down at 334 years, that
of y Virginis at 708, and that of y Leonis at 1200 years.

(842.) Subsequent observation has fully confirmed these
results. Of all the stars above named, there is not one which
ia not found to be fully entitled to be regarded as binary

;

and, in fact, this list comprises nearly all the most considerable
visible in our latitudes which have yet been detected,
though (as attention has been closely drawn to the subject,

and observations have multiplied) it has, of late, received
large accessions. Upwards of a hundred double stars, cer-
tainly known to possess this character, were enumerated by
M. Madler in 1841 *, and more are emerging into notice with
every fresh mass of observations which come before the
public. They require excellent telescopes for their effective

observation, being for the most part so close as to necessitate
the use of very high magnifiers (such as would be considered
extremely powerful microscopes if employed to examine
objects virithin our reach), to perceive an intei-val between
the individuals which compose them.

(843.) It may easily be supposed, that phsenomena of this
kind would not pass without attempts to connect them with
dynamical theories. From their first discovery, they were
naturally referred to the agency of some power, like that of

• Dorpat Obscrvationc, vol ix. 1840 and 1841.
U B 3
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gravitation, connecting the stars thus demonstrated to be in

a state of circulation l)0ut each other ; and the extension of

fha Newtonian law uf gravitation to those remote systems

iH . I step so obvious and so well wan-anted by our experi-

lOe of its all-Buffici» it agency in our own, as to have been

expressly or tacitly made by every one who has criven the

subject any aharo of his attention. We owe, ho,,(;ver, the

first dibtinct system of calculation, \ry which the elliptic

elements of the orbit of a binary star could be deduced fiora

observflt'OD? of 5'- angle of position and distance at different

cpociio, to M. Savary, vmo showed*, that the motions of one

of the most remarkable among them (f JJnta) were explicable,

within the limits allowable for error of obsorvation, on the

supposition of an elliptic orbit desciibed in the short period

of 58i years. A different process of computation conducted

Piufcssor Enckef to an elliptic orbit for 70 Ophiuchi, de-

Bcribed in a period of seventy-four years. M. Madler has

especially signalized himself in this line of inquiry (see Table).

Several orbits have also been calculated by Mr. Hind, Ad-

miral Smyth, Mr. Jacob, Mr. Powell, M. Villarccnux, Pro-

fessors Winnecke and Klinkerfuss ; and the author of these

pages has himself attempted to cot.tribute his mite t(. these

interesting investigations. The following may be stated as

the chief results which have been hitherto obtained in ^hia

branch of astronomy f :
—

• Connoiss. de» Temps, IS'K). f B rlin Ephera. 1832.

X The "position of the i
' in col. 4. exp'MBes the angle of positio ce

art. 204.) of the line of intersection of tha p!a -f the orbit, with the pi of

the heavens on which it is seen projected. The " inclination " in col. 6. is ihc

inclInHtion f theae tw.i planes to one another. Col. S. shows the angle ac-

tually incl d m the plane of the orbit, between the line of nodes (defined a«

above) a' e line of ai Mdes. Theelemjits assignc' in this table tn a Leonis,

{ Uootis, Castor mi be considered as rery douli; 1. Some ca w of
i>

turbatiou l.is been suspected to exist in le movemeii f p. Ophiiu Mr.

Jacob, con.iiaring some old (and no doubt very rude) servations by Rich.iud

and Feuille, in 1690 and 1709, draws a similar conclusion in the caso ni the

system of c Centauri. Cr-^paring the more modern (and only reliabk bser-

vations) hi .. "ver, this opiii.' n seems bjirdly entitled t^ the confidence with which

he insists on it. A very few years' additional observ on will decide the ques-

tion. This rans-nificent double star \/.:ll merits the ost careful an<' llUgent

attention of iis.f^iiomera.
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(844.) Of tho stnrs in the above list, that which has been

most assiduously watched, and hoe offered phainonicna of tho

greatest interest, is 7 VirKinis. It is a star of tho vulgar

3rd magnitude (3'C8=Photoni. 3-494), and its component

individuals are very nearly equal, and as it would seem in

some slight degree variable, since, according to tho observa-

tions of M. Struve, tho one is alternately a little greater,

and a little less than tho other, and occasionally exactly

equal to it. It has btfen known to consist of two stars since

tho beginning of tho eighteenth century ; tho distance being

then between six and seven seconds, so that any tolerably

good telescope would resolve it. When observed by Herschel

in 1780, it was r>"-66, and continued to decreoae gradually

and regularly till at length, in 1836, tho two stiu-s had ap-

proached so closely as to appear perfectly round and single

under the highest magnifying power which could be ap-

plied to most excellent instruments— tho great refractor at

Pulkowa alone, with a magnifying power of 1000, continuing

to indicate by the wedge-shaped form of tho disc of the stiu-

its composite nature. By estimating tho ratio of its length

to its breadth and measuring the former, M. Struve concludes

that, at this epoch (1836-41), the distance of tho two stars,

center from center, might be stated- at 0"-22. From that

time the star again opened, and is now again a perfectly

easily separable star. This very remarkable diminution and

subsequent increase of distance has been accompanied by a

corresponding and equally remarkable increase and subse-

quent diminution of relative angular motion. Thus, in the

year 1783 the apparent angular motion hardly amounted to

half a degree per annum, while in 1830 it had increased to

5°, in 1834 to 20°, in 1835 to 40% and about the middle of

1836 to upwards of 70° per annum, or at the rate of a degree

in five days. This is in entire conformity with the principles

of Dynamics, which establish a necessary connexion between

the angular velocity and the distance, as well in the apparent

as in the real orbit of one body revolving about another

under tlie influence of mutual attraction; tlie former varying

inversely as the square of the latter, in both orbits, what-
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ever be tho curve described and whatever tho law of the

attractive force. It fortunately happens that Bradley, in

1718, had noticed and recorded in tho margin of one of his

observation books, tho apparent direction of tho line of junc-

tion of tho two stars, as seen on tho meridian in his transit

telescope, viz., parallel to tho lino joining two conspicuous starB

« and 8 of tho same constellation, as seen by the naked eye.

This note, rescued from oblivion by the late Professor Bigaud,

has proved of singular service in the verification of the elements

obovo assigned to tho orbit, which represent tho whole series

of recorded observations that date up to tho end of 1846

(comprising an angular movement of nearly nine-tenths of

a complete circuit), both in angle and distance, with a degree

of exactness fuUi/ equal to that of observation itself. No
doubt can, therefore, remain as to the prevalence in this

ren)oto system of the Newtonian law of gravitation.

(845.) The observations of f Ursce Majoris are equally

well represented by M. Miidler's elements (4 c of our table),

thus fully justifying the assumption of the Newtonian law

ns that which regulates tho motions of their binary systems.

And even should it be the case, aa M. Madler appears to

consider, that in one instance at least (that of p Ophiuchi),

deviations from elliptic motion, too considerable to arise from

mere error of observation, exist (a position we aro by no

means prepared to grant*), we should rather be disposed to

look for the cause of such deviations in perturbations arising

(as Bcssel has suggested) from the large or central star itself

being actually a close and hitherto unrecognized double star

than in any defect of generality in the Newtonian law.

(846.) If the great length of the periods of some of these

bodies be remarkable, the shortness of those of others is

hardly less so. ? Herculis has already completed two revo-

* p Ophiuchi belongs to the class of very unequal double stars, the magni-
tudes of the individual being 4 and 7. Such stars present difficulties in the

exact measurement of tln^ir angles of position which even yet continue to em-
barrass the observer, thuugh, owing to later improvements in the art of executing

such measurements, their influence is confined within much narrower limits than

in the earlier history of the subject. In simply placing a fine single wire parallel

to the line of junction of two such stars it is easily possible to commit an error

of 5° or 1°. By placing them between two parallel thick wires such errors are

ill great measure obviated.

fj^mm
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lutions since the epoch of its first discovery, exhibitbg in its

course the extraordinary spectacle of a sidereal occultation, the

small star having twice been hidden behind or before the

large one. v Coronae, ? Cancri, f Ursae and a Centauri have

each performed more than one entire circuit, and 70 Ophiuchi

and 7 Virginia have accomplished by far the larger portion of

one in angular motion. If any doubt, therefore, could remain

as to the reality of their orbituaJ motions, or any idea of ex-

plaining them by mere parallactic changes, or by any other

hypothesis than the agency of centripetal force, these facts

must suflSce for their complete dissipation. We have the

same evidence, indeed, of their rotations about each other,

that we have of those of Uranus and Neptune about the

sun ; and the correspondence between their calculated and

observed places in such very elongated ellipses, must be

admitted to carry with it proof of the prevalence of the

Newtonian law of gravity in their systems, of the very same

nature and cogency as that of the calculated and obse^'ved

places of comets round the central body of our own.

(847.) But it is not with the revolutions of bodies of a

planetary or cometary nature round a solar center that we

are now concerned; it is with that of sun round sun— each,

perhaps, at least in some binaiy systems where the individuals

are very remote and their period of revolution very long,

accompanied with its train of planets and their satellites,

closely shrouded from our vievr by the splendour of their

respective suns, and crowded into a space bearing hardly

a greater proportion to the enormous interval which separates

them, than the distances of the satellites of our planets from

thob primaries bear to their distances from the sun itself.

A less distinctly characterized subordination would be in-

compatible with the stability of their systems, and -^ith

the planetary nature of their orbits. Unless closely nestled

under the protecting wing of their inunediate superior, the

sweep of their other sun in its perihelion passage round their

own might carry them off, or whirl them into orbits utterly

incompatible v/ith the conditions necessary for thp existence

of theif inhabitants. It must be confessed, that we havo
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here a strangely wide and novel field for speculative excur-

sions, and one which it is not easy to avoid luxuriating in.

(848.) The discovery of the parallaxes of « Centauri and 61

Cygni, both which are above eniunerated among the " conspi-

cuous " double stars of the 6th class (a distinction fully meiited

in the case of the former by the brilliancy of both its con-

stituents), enables us to speak with an approach to certainty

as to the absolute dimensions of both their orbits, and thence

to form a probable opinion a^s to the general scale on which

these astonishing systems are constructed. The distance of

the two stars of 61 Cygni subtends at the earth an angle

which, since the earliest micrometrical measures in 1781, has

varied hardly half a second from a mean value 15"'5. On
the other hand, the angle of position has altered since the

same epoch by nearly 50°, so that it would appear probable

that the true form of the orbit is not far from circular, its

situation at right angles to the visu&l line, and its periodic

time probably not short of 500 years. Now, as the as-

certained parallax of this star is 0"'348, which is, therefore,

the angle the radius of the earth's orbit would subtend if

equally remote, it follows that the mean distance between

the stars is to that radius, as 15"'5 : 0"'348, or as 44-54 : 1.

The orbit described by these two stars about each other un-

doubtedly, therefore, greatly exceeds in dimensions that

described by Neptune about the sun. Moreover, supposing

the period to be five centuries (and the distance being ac-

tually on the increase, it can hardly be less) the general pro-

positions laid down by Newton*, taken in conjuuction with

Kepler's third law, enable us to calculate the smn of the

masses of the two stars, wb'ch, on theee data, we find to be

0*353, the mass of our sun being 1. The sun, therefore, is

neither vastly greater nor vastly less than the stars com-

posing 61 Cygni.

(849.) The data in the case of a Centauri are more un-

certain. Since the year 1822, the distance has been steadily

and pretty rapidly decreasing at an average rate of about halfa

second per annum, and that with little change till lately in the

• Frinoipia, 1. i. Prop, 57, 58, 59.
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angle of position.* Hence, it follows evidently that the

plane of its orbit passes nearly through the earth, and (the

distance about the middle of 1834 having been 17^") it

is very probable that either an occultation, like that ob-

served in f Herculis, or a close appulse of the two stars, will

take place about the year 1859. As the observations we
possess afford no sufficient grounds for a satisfactory calcula-

tion of elliptic elements we must be content to assume what,

at all events, they fully justify, viz., that the major semiaxis

must exceed 12", and is very probably considerably greater.

Now this with aparallax of0"*913 would give for the real value

of the semiaxis 13*15 radii of the earth's orbit, as a minimum.

The real dimensions of their ellipse, therefore, cannot be so

small as the orbit of Saturn ; in all probability exceeds that of

Uranus ; and may possibly be much greater than either.

(850.) The parallel between these two double stars is a

remarkable one. Owing no doubt to their comparative prox-

imity to our system, their apparent proper motions are both

unusually great, and for the same reason probably rather

than owing to unusually large dimensions, their orbits appear

to us under what, for binary double stars, we must call un-

usually large angles. Each consists, moreover, of stars, not

very unequal in brightness, and in each both the stars are of

a high yellow approaching to orange colour, the smaller

individual, in each case, being also of a deeper tint. What-

ever the diversity, therefore, which may obtain among other

sidereal objects, these would appear to belong to the same

family or genus, f

(851.) Many of the double stars exhibit the ciuious and

beautiful phaenomenon of contrasted or complementary

colours. X In such instances, the larger star is usually of a

* In the 70 years between Lacaille's observations and 1822, there exists no
record of any observed angle of position.

•f S' liar combinations are very numerous. Many remarkable instances

occur among the double stars catalogued by the author in the 2nd, 3rd, 4th,

6th and 9th volumes of Trans. Iloy. Ast. Soo. and in the volume of Southern

observations already cited. See Nos. 121, ^13, lOCP, 1907, 2030, 2146, 2244,

2772, 3853, 3395, 3998, 4000, 4055, 4196, 4210, 4615,46-19, 4765, 5003, 5012,

of these catalogues, 'llie fine binary star, B. A. C. No. 4923, has its constituents

15" cpart the one 6m. yellow, the other Im. orange,

\ « other suns, perhaps.

With their attendant moons tbou wilt descry.
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COLOURED DOUBLE 8TAK8. 621

ruddy or orange hue, while the snaller one appears blue or

green, probably in virtue of that reneral law of optics, which

provides, that when the retina is under the influence of

excitement by any bright, coloured light ; feebler lights,

Avhich seen alone would produce no sensation but of white-

ness, shall for the time appear coloured with the tint com-

plementary to that of the brighter. Thus a yellow colour

predominating in the light of the brighter star, that of the

less bright one in the same field of view will appear blue

;

while, if the tint of the brighter star verge to crimson, that

of the other will exhibit a tendency to green— or even

appear as a vivid green, under favourable circumstances.

The former contrast is beautifully exhibited by « Cancri—
the latter by y Andromedaj*, both fine double stars. If,

however, the coloured star be much the less bright of the

two, it will not materially affect the other. Thus, for in-

stance, f] Cassiopeia exhibits the beautiful combination of

a large white star, and a small one of a rich ruddy purple.

It is by no means, however, intended to say, that in all such

cases one of the colours is a mere effect of contrast, and it

may be easier suggested in words, than conceived in imagi-

nation, what variety of illumination two suns— a red and a

green, or a yellow and a blue one— must afford a planet

circulating about either ; and what charming contrasts and

" grateful vicissitudes,"— a red and a green day, for instance,

alternating with a white one and with darkness,— might

arise from the presence or absence of one or other, or both,

above the horizon. Insulated stars of a red colour, fUmost

as deep aa that of bL >dt, occur in many parts oi the heavens,

Communicating male and female light,

(Which two great sexes animate the world,)

Stored in each orb, perhaps, with some that live."

Paradise Lost,y'ui. 148.

• The small star of 7 Andromeda; is close double. Both its individuals are

green • a similar combination, with even more decided colours, is presented by
the double star, b. 881.

t The following are the R. ascensions and N. P. distances for 1 830, of some
of the most remarkable of these sanguine or ruby stars :—
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but no green or blue star (of any decided hue) has, we believe,

ever been noticed unassociated with a companion brighter

than itself. Many of the red stars are variable.

(852.) Another very interesting subject of inquiry, in the

physical history of the stars, is their proper motion. It was

first noticed by Halley, that three principal stars. Sinus,

Arcturus, and A.ldebaran, are placed by Ptolomy, on the

strength of observations made by Hipparchu^, 130 years B.C.,

in latitudes respectively 20', 22', and 33' more northerly than

he actually found them in 1717.* Making due allowance for

the diminution of obliquity of the ecliptic in the interval

(1847 years) they ought to have stood, if really fixed, re-

spectively 10', 14', and 0' more southerly. As the circum-

stances of the statement exclude the supposition of error of

transcription in the MSS., we are necessitated to admit a

southward motion in latitude in these stars to the very con-

siderable extent, respectively, of 37', 42', and 33', and this is

corroborated by an observation of Aldebaran at Athens, in

the year a. d. 509, which star, on the llth of March in that

year, was seen immediately after its emergence from occul-

tation by the moon, in such a position as it could not have

had if the occultation were not nearly central. Now, from the

knowledge we have of the lunar motions, this could not have

been the case had Aldebaran at that time so much southern

latitude as at present. A priori, it might be expected that

apparent motions of some kind or other should be detected

among so great a multitude of individuals scattered through

space, and with nothing to keep them fixed. Their mutual

attractions even, however inconceivably enfeebled by dis-

tance, and counteracted by opposing attractions from op-

posite quarters, must in the lapse of countless ages produce

R. A. N.P.D. R.A. N. P. D. R.A. N, P. D.
h. no. s.

o / // h. m. s.
O / II h. m. 8.

o / //

4 40 5S 61 46 21 9 48 31 130 47 12 20 7 8 111 50 11

4 51 51 105 2 4 10 52 10 107 24 40 21 37 18 31 59 47

5 38 29 136 3J 15 12 37 31 148 45 47 21 37 20 52 54 47

9 27 56 152 2 48 16 29 44 122 2 21 15 37 48 8 Vi

Of these No. 5. (in order of right ascension) is in the same field of view with a

HydrsB, and No. 9. with fi Crucis. No. 2. (in the same order) is variable.

• Phil. Trans. 1717, vol. xxx. fo. 736.



5, we believe,

ion brighter

[uiry, in the

ion. It was

tars, Sirius,

)myj on the

3 years B.C.,

yrtherly than

illowance for

the interval

lly fixed, re-

thc circum-

a of error of

\ to admit u

he very con-

', and this is

t Athens, in

arch in that

from occul-

ild not have

bw, from the

uld not have

iich southern

xpected that

be detected

!rcd through

]'heir mutual

aled by dis-

ns from op-

iges produce

N. P. D.
o / //

111 50 II
31 59 47
52 54 47
48 8 Vi

i of view with a

I is variable.

PUOPEB M*.>TIONS OF TUE STARS. 623

some movements— some change of internal arrangement

— resulting from the difference of the opposing actions.

And it is a fact, that such apparent motions are really proved

to exist by the exact observations of modern astronomy.

Thus, as we have seen, the two stars of 61 Cygni have

remained constantly at the same, or very nearly the same,

distance, of 15", for at least fifty years past, although

they have shifted their local situation in tbf heavens, in

this interval of time, through no less than 4' 23", the

annual proper motion of each star being 6"'o', by which

quantity (exceeding a third of their interval) this system is

every year carried bodily along in some unknown path, by
a motion which, for many centuries, must be regarded as

uniform and rectilinear. Among stars not double, and no

way differing from the rest in any other obvious particular,

e Indi *, Groomb. 1830, and fi Cassiopeiae are to be remarked

as having the greatest proper motions of any yet ascertained,

amounting respectively to 7"*74, 7"'75 and 3"'74 of annual

displacement. And a great majay others have been observed

to be thus constantly carried away from their places by
smaller, but not less unequivocal motions.!

(853.) Motions which require whole centuries to accumu-

late before they produce clianges of arrangement, such as

the naked eye can detect, though quite sufficient to destroy that

idea of mathematical fixity which precludes speculation, are

yet too trifling, as far as practical applications go, to induce

a change of language, and lead us to speak of the stars in

common parlance as otherwise than fixed. Small as they

are, however, astronomers, once assured of their reality, have

not been wanting in attempts to explain and reduce them

to general laws. No one, who reflects with due attention

on the subject, will be inclined to deny the high probability,

nay certuinty, that the sun as well as the stars must have a

proper motion in some direction ; and the inevitable conse-

quence of such a motion, if unparticipated by the rest, must

* D'Arrest. Astr. Nachr., No. 618.; Argelander, Do. No. 475.

? "T.e reader may consult "a list of 314 stars having, or supposed to have,

a pi' i.i ' motion of not less than about 0"'5 of a great circle " {per annum) by

fliu in;e F. Uaily, Esq. 2Van», Att. Soc. v. p. 158.

(SIIh^-'
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be a slow average apparent tendency of all the stars to the

vanishing point of lines parallel to that direction, and to the

region which he is leaving, however greatly individual stars

might differ from such average by reason of their own pecu-

liar proper motion. This is the necessary effect of perspec-

tive ; and it is certain that it must be detected by observa-

tion, if we knew accurately the apparent proper motions of

all the stars, and if we were sure that they were independent,

i.e. that the whole firmament, or at least all that part which

we see in our own neighbourhood, were not drifting along

together, by a general set as it were, in one direction, the

result of unknown processes and slow internal changes going

on in the sidereal stratum to which our system belongs, as we

see motes sailing in a current of air, and keeping nearly the

same relative situation with respect to one another.

(854.) It was on this assrimption, tacitly made indeed,

but necessarily implied in every step of his reasoning, that

Sir William Herschelj in 1783, on a consideration of the

apparent proper motions of such stars as could at that period

be considered as tolerably (though still imperfectly) ascer-

tained, arrived at the conclusion that a relative motion of the

sun, among the fixed stars in the direction of a point or

parallactic apex, situated near \ Herculis, that is to say, in

KA. \1^ 22'"=260° 34', N.P.D. 63° 43' (1790), would

account for the chief observed apparent motions, leaving,

however, some still outstanding and not explicable by this

cause ; and in the same year Prevost, taking nearly the same

view of the subject, arrived at a conclusion as to the solar

apex (or point of the sphere towards which the sun relatively

advances), agreeing nearly in polar distance with the fore-

going, but differing from it about 27° in right ascension.

Since that time methods of calculation have been improved

and concinnated, our knowledge of the proper motions of

the stars has been rendered more precise, and a greater

number of cases of such motions have been recorded. The

subject has been resumed by several eminent astronomers

and mathematicians : viz. 1st, by M. Argelander, who, from

the consideration of the proper motions of 2 1 stars exceeding
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1" per annum in arc, has placed the solar apex in R. A.
256° 25', N.P.D. 51° 23'; from those of 50 stars between
0"-5 and 1'

-0, in 255° 10', 51° 26'; and from those of 319
stars having motions between 0"*1 and 0"'5 per annum, in

261° 11', 59° 2'
: 2ndly, by M. Luhndahl, whose calculations,

founded on the proper motions of 147 stars, give 252° 53',

75° 34': and 3rdly, by M. Otto Struve, whose result 261° 22',

62° 24', emerges from a very elaborate discussion of the

proper motions of 392 stars. All these pLces are for A. D.

1790.

(855.) The most probable mean of the results obtained by
these three astronomers, is (for the same epoch) R. A. = 259°

9', N. P. D. 55° 23'. Their researches, however, extending

only to stars visible in European observatories, it became a

point of high interest to ascertain how far the stars of the

southern hemisphere not so visible, treated independently

on the same system of procedure, would corroborate or con-

trovert their conclusion. The observations of Lacaille, at the

Cape of Good Hope, in 1751 and 1752, compared with those

of Mr. Johnson at St. Helena, in 1829-33, and of Henderson

at the Cape in 1830 and 1831, have afforded the means of

deciding this question. The task has been executed in

f IT isterly manner by Mr. Galloway, in a paper published

>i .le Philosophical Transactions for 1841 (to which we
may also refer the reader for a more particular account of

the history of the subiect than ou** limits allow us to give).

On comparut the records. Mr. Galloway finc5 eighty-one

southern stav,« /ic' employed in the previous investiga-

tions above refeiA-ji i", whose proper motions in the inter-

vals ela2:'sed appeci' onsiderable enough to assure us that

they have not originated in error of the earlier observa-

tions. Subjecting these to the same process of computation

he conoludes for the place of the solar npex, for 1790, as

follows: viz. R.A. 260° 1', N.P.D. 55° 37', a result so

nearly identical with that afforded by the northern hemi-

sphere, as to afford a full conviction of its near approach to

truth, and what muy fairly be considered a demonstration of

the physical cause assigned.

ss
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(856.) Of tho mathematical conduct of this inquiry tlio

nature of this work precludea our giving any account ;
but

as the philosophical principle on which it ia based has been

misconceived, it ia necessary to say a few words in explana-

tion of it. Almost all the greatest discoveries in astronomy

have resulted from the consideration of what we have else-

where termed uesidual PHiENOMENA*, of a quantitative or

numerical kind, that is to say, of such portions of the nume-

rical or quantitative results of observation as remain out-

standing and unaccounted for after subducting and allowing

for all tlmt would result from the strict application of known

principles. It was thus that the grand discovery of the

precession of the equinoxes resulted aa a residual phajnome-

non, from the imperfect explanation of the return of tho

seasons by the return of the sun to the same apparent place

among tho fixed stars. Thus, also, aberration and nutation

resulted aa residual phaenomena from that portion of the

changes of the apparent placea of the fixed stara which waa

left unaccounted for by precession. And thus again the

apparent proper motions of the stars are the observed residtics

of their apparent movements outstanding and unaccounted

for by strict calculation of the effects of precession, nutation,

and aberration. The nearest approach which human theories

can make to perfection is to diminish this residue, this caput

mortuum of observation, aa it may be considered, as much aa

practicable, and, if possible, to reduce it to nothing, either

by showing that something has been neglected in our estima-

tion of known causes, or by reasoning upon it aa a new fact,

and on the principle of the inductive philosophy ascending

from the effect to its cause or causes. On the suggestion of

any new cause hitherto unresorted to for its explanation, our

first object must of course be to decide whether such a cause

would produce such a result in kind : the next, to assign to

it such an intensity as shall account for the greatest possible

amount of the residual matter in hand. The proper motion

of the sun being suggested aa such a cause, we have two

• Discourse on tho Study of Natural Philosnphy. Cab. Ct/dopadia, No. 14
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things disposable— its direction and velocity, both which it

is evident, if they ever became known to us at all, can only
bo 6'^ ^y the consideration of the very phanomenon in ques-
tion. Our object, of course, is to account, if possible, for

the whole of the obderved proper motions by the proper
assumption of these elements. If this be impracticable, what
remains unaccounted for is a residue of a more recondite
kind, but which, so long as it is unaccounted for, we must
regard as purely casual, seeing that, for anything we can
perceive to the contrary, it might with equal probability be
one way as the other. The theory of chances, therefore,

necessitates (as it does in all such cases) the application of
a general mathematical process, known as " the method of
least squares," which leads, as a matter of strict geometrical
conclusion, to the values of the elements sought, which, under
all the circumstancesy are the most probable.

(857.) This is the process resorted to by all the geometers
we have enumerated in the foregoing articles (art. 854,855),
It gives not only the direction in space, but also the velocity

of the solar motion, estimated on a scale conformable to that
in which the velocity of the sidereal motions to be explained
are given ; i.e. in seconds of arc as subtended at the average
distance of the stars concerned, by its annual motion in space.
"But here a consideration occurs which tends materially to
complicate the problem, and to introduce intc its solution an
element depending on suppositions more or less arbitrary.
The distance of the stars being, except in two or three in-

stances, unknown, we are compelled either to restrict our
inquiry to these, which are too few to ground any result on,
or to make some supposition as to the relative distances of
the several stars employed. In this we have nothing but
general probability to guide us, and two courses only present
themselves, either, 1st, To class the distances of the stars

according to their magnitudes, or apparent brightnesses, and
to institute separate and independent calculations for each
class, including stars assumed to be equidistant, or nearly so:
or, 2dly, To class them according to the observed amount
of their apparent proper motions, on the presumption that

SS2
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those which appear to move fii^test arc really nearest to iw.

The former ia the course \)v ic.1 1)y M. Otto Striivc, the

latter by M. ArgchmcK r. Wi i r- 1 to this latter princii.le

of classification, however, two coiusi.. ution interfere witli

its applicability, viz. 1st, thiil ^vn m- the rm/ motion of the

stars foresliortened by theeffe.! of perspective ;uid2dly, that

that portion of the total apparent proper motion which arises

from the real motion of the sun depends, not 8imi)ly on the

absolute distance of th3 star front the mn .ut also on its

angular apparent distance from thi solar apt being, catena

paribus, as the sine of that angle. To i.vecute such a clas-

sification correctly, therefore, we ought to know both these

particulars for each star. The first is evidently out of our

reach. AV'e are therefore, for that very reason, compelled to

regard it as casual, and to assume that < the average of a

great number of stars it would be uninfii. utini on tl result.

But the second cannot be so summarily < lisp. <^ iJy the

aid of an approximate knowledge of the solar ;; ,

. , it is true,

approximate values may be found of the siiuj y apparent

portions of the proper motions, supposing a !) stars equi-

distant, and these being subducted from the total observed

motions, the residues might afford ground for the classification

in question.* This, however, would be a long, and to a cer-

tain extent precarious system of procedure. On the otiier

hand, the classification by apparent brightness is open to no

such difficulties, since we are fully justified in assuming that,

on a general average, the brighter stars are the nearer, and

that the exceptions to this rule are casual in that sense of

the word which it always bears in such inquiries, expressing

solely our ignorance of any ground for assuming a bias one

way or other on either side of a determinate numerical rule.

In Mr. Galloway's discussion of the southern stars the con-

sideration of distance is waived altogether, which is equivalent

to an admission of complete ignor mce on this point, as well

• M. Argclandi'r's classes, however, are constructed without reference to this

consideration, on the sol- basis of the total apparent amount of proper n-otioii,

and are, therefore, pro tanto, questionable. It is the more satisfactory then to

fitid so considerable an agreement among his partial results as actually obtains.
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as 1 ting the real dlrectio velocities of the indi-

vidual 'tions.

(858.^ The velocity of the solar motion which results from
M. Otto Struve's calculations is such as would carry it over
an 'ngular subtense of 0"-3392 if seen at right angles from
the average distance of a star of the first magnitude. If we
take, with M. Struve, senior, the parallax of such a star as
probably equal to ""Og*, we shall at once be enabled to
compare this annual .otion "th the riulius of the earth's

orbit, the result being 1-62.3

advances through spaco (r^

carrying with it the wh
with a velocity of Tf

154,185,000 miles per

say, nearly its own semi-u.

ich units. The sun then

t least, among the stars),

ary and cometary system

of the earth's orbit, or

i, or 422,000 miles (that is to

leter) per diem : in otlier words,
M'ith a velocity a very little greater than one-fourth of the
earth's annual motion in its orbit.

(859.) Another generation of astronomers, perhaps many,
must pass away before wc are in a condition to decide from
a more precise and extensive knowledge of the proper motions
of the stars than we at present possess, how far the direction

and velocity above assigned to the solar motion deviates from
exactness, whether it continue uniform, and whether it show
any sign of deflection from rectilinearity ; so as to hold out
a prospect of one day being enabled to trace out an arc of
the solar orbit, and to indicate the direction in which the

preponderant gravitation of the sidereal firmament is urging
the central body of our system. An analogy for such devia-

tion from uniformity would seem to present itself in the
alleged existence of a similar deviation in the proper motions
of Sirius and Procyon, both which stars are considered to

have varied sensibh in this respect within the limits of au-
thentic and deper able observation. Such, indeed, would
appear to be tb mount oi evidence for this as a matter of

fact as to have given rise to a speculation on the probable

circulation of these stars round opaque (and therefore in-

visible) bodies at no great distances from them respectively, in

* Etudes d'Astronomic Stellaire, p. 107

88 3
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the manner of binary stars : [and it has been recently shown

by M. Peters (Ast. Nachr. 748.) that, in the case of Sirius.

Buch a circulation, performed in a period of 50-093 years

in an ellipse whow cxccntricity is 0-7994, the pcrihcli. i

piui8iH,'c taking place at the epoch A. D. 1791-431, would

reconcile in a remarkable manner the observed auomalicB,

and reduce the residual motion to uniformity.]

(860.) The whole of the reasoning upon which the deter-

mination of the solar motion in apace rests, is based upon the

entire exclusion of ony km either derived from observation

or assumed in theory, affecting the amount and direction of

the real motions both of the sun and stars. It supposes an

absolute non-recognition, in those motions, of any general

directive cause, such as, for example, a common circulation

of all about a common center. Any such limitation intro-

duced into the conditions of the problem of the solar motion

would alter in toto both its nature and the form of its solution.

Suppose for instance that, conformably to the speculations of

several astronomers, the whole system of the Milky Way,

including our sun, and the stars, our more immediate neigh-

bours, which constitute our sidereal firmament, should have a

general movement of rotation in the plane of the galactic circle

(any other would be exceedingly iniprobable, indeed hardly

reconcilable with dynamical principles), being held together in

opposition to the centrifugal force thus generated by the mutual

gravitation of its constituent stars. Except wo at the same

time admitted that the scale on which this movement pro-

ceeds is so enormous that all the stars whose proper motions

we include in our calculations go together in a body, so far

as that movement is concerned (as forming too small an in-

tegrant portion of the whole to differ sensibly in their re-

lation to its central point) ; we stand precluded from drawing

any conclusion whatever, not only respecting the absolute

motion of the sun, but respecting even its relative movement

nmong those stars, until we have established some law, or at

all events framed some hypothesis having the provisional force

of a law, connecting the whole, or a part of the motion of

each individual with its situation in space.

II«M iwwama'uii
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SPECULATIONS ON A CENTRAL SUN. 631

(861.) Speculations of thi3 kind have not been wanting
in astronomy, and recently an attempt has been made by
M. Mjidler to assign the local center in space, round whicli

the sun and stars revolve, which he places in the group of the
rieiades, a situation in itself utterly improbable, lying as it

docs no less than 26" out of the ])lane of the galactic

circle, out of which plane it is almost inconceivable that any
general circulation can take place. In the present defective

state of our knowledge respecting the proper motion of the
smaller stars, especially in right ascension, (an element for the
most part far less exactly ascertainable than the polar dis-

tance, or at least which has been hitherto far less accurately
ascertained,) we cannot but regard all attempts of the kind
as to a certain extent premature, though by no means to be
discouraged as forerunners of something more decisive. The
(juc'stion, as a matter of fact, whether a rotation of the
galaxy in its own plane exist or not might be at once re-

solved by the assiduous observation both in K. A. and polar
distance of a considerable number of stars of the Milky Way,
judiciously selected for the purpose, and including all mag-
h'tudes, down to the smallest distinctly identifiable, and
capable of being observed with normal accuracy: and wo
would recommend the inquiry to the special attention of
directors of permanent observatories, provided with adequate
instrumental means, in both hemispheres. Thirty or forty
years of observation perseveringly directed to the object in

view, could not fail to settle the question.*

(862.) The solar motion through space, if real artd not
simply relative, must give rise to uranographical corrections

analogous to parallax and aberration. The solar or systematic
parallax is no other than that part of the proper motion of
each star which ia simply apparent, arising from the sun's

motion, and until the distances of the stare be known, must

* An examination of the proper motions of the Ktars of the B. Asfoc. Catal.
in the portion of the Milky Way nearest either pole (wliere the motion should
he almost wholly in R A) indicates no distinct symptom of such a rotation. If
the q«iestion be taken up fundamentally, it will involve a redetermination from
the recorded proper motions, hoth of the precession of the equinoxes and the
change of obliquity of the ecliptic.

8 S 4
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remain inextricably mixed up with the other or real portion.

The systematic aberration, amounting at its maxnnum (for

stars 90° from the solar upex) to about 5" displaces all the

stars in great circles diverging from that apex through angles

proportional to the sines of their respective distances from it.

This displacement, however, is permanent, and therefore

uncoo-nizable by any phajnomcnon, so long as the solar motion

remains invariable; but should it, in the course of ages,

alter its direction and velocity, both the direction and amount

of the displacement in question would alter with it. Ihc

chann-e, however, would become mixed up with other changes

in the apparent proper motions of the stars, and it would

seem hopeless to attempt disentangling them.

(863.) A singular, and at first sight paradoxical effect oi

the progressive movement of light, combined with the proper

notion of the stars, is, that it alters the apparent periodic

time in which the individuals of a binary star circulate about

each o^her.* To make this apparent, suppose them to cir-

culate round each other in a plane perpendicular to the

visual ray in a period of 10,000 days. Then if both the sun

and the center of gravity of the binary system remained fixed

in space, the relative apparent situation of the stars would

be exactly restored to its former state after the lapse of this

interval, and if the angle of position were 0° at first, after

10 000 days it would again be so. But now Buppose that

the center of gravity of the star were in the act of receding

in a direct line from the sun with a velocity of one-tenth

part of the radius of the earth's orbit per diem. Then at the

expiration of 10,000 days it would be more remote from us

by 1000 such radii, a space which light would require 57 days

to traverse. Although really, therefore, the stars would

h-ive arrived at the position 0° at the exact expiration of

10 000 days, it would require 57 days more for the notice

of that fact to reach our system. In other words, the period

would appear to us to be 10,057 days, since we could only

conclude the period to bf completed when to us as observers

the original angle of position was again restored. A contrary

motion would produce a contrary effect.

• Astrimon.isclic Nachricl.te.i, No. 520. by the Author

/
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CHAPTER XVII.

OP CLUSTERS OF STARS AND NEBULiE.

OF CLU8TKRING GRODPS OF STARS GLOBULAR CLUSTERS. — THEIR
STABILITY DYNAMICALLY POSSIBLE. LIST OP THE MOST REMARK-
ABLE CLASSIFICATION OP NEBULA AND CLUSTERS. — THEIR
DISTRIBUTION OVER THE HEAVENS IRREGULAR CLUSTERS
RESOLVABILITY OP NEBULA. — THEORY OF THE FORMATION OP
CLUSTERS BY NEBULOUS SUBSIDENCE. — OP ELLIPTIC NEBULiE.
— THAT OF ANDROMEDA. ANNULAR AND PLANETARY NEBUL.E.
—DOUBLE NEBULA.— NEBULOUS STARS.—CONNEXION OP NEBULA
WITH DOUBLE STARS.— INSULATED NEBULiE OP FORMS NOT
WHOLLY IRREGULAR OP AMORPHOUS NEBULiE.— THEIR LAW
OF DISTRIBUTION MAIiKS THEM AS OUTLIERS OP THE GALAXY.

NEBULiE, AND NEBULOUS GROUP OF ORION — OF ARGO OP
SAGITTARIUS— 01^ CYGNUS.— THE MAGELLANIC CLOUDS. SIN-

GULAR NEBULA IN THE GREATER OP THEM. — THE ZODIACAL
LIGHT SHOOTING STARS. — SPECULATIONS ON THE DYNA-
MICAL ORIGIN OP THE SUN's HEAT.

(864.) When we cast o^'r eyes over the concave of the

heavens in a clear night, we do not fail to observe that here

and there are grouptj of stars which seem to be compressed

together in a more condensed manner than in the i oighbour-

ing parts, forming bright patches and clusters, which attract

attention, as if they were there brought together by some

general cause other than casual distribution. There is a

group, called the Pleiades, in which six or seven stars may be

noticed, if the eye be directed full upon it ; and many more

if the eye be turned carelessly aside, while the attention is kept

directed* upon the group. Telescopes show fifty or sixty

* It is a very remarkable fact, that the center of the visual area is far less

sensible to feeble impressions of light, than the exterior portions of the retina.

Few persons are aware of the extent to which this comparative insensibility

extends, previous to trial. To estimate it, let the reader look alternately

full at a star of the fifth magnitude, and beside it; or choose two, equally

bright, and about 3° or 4° apart, and look full at one of them, the probability

is, he will see only the oilier. The fact accounts for the multitude of stars with

which we are impressed by a general view of the heavens; their paucity when we
conic to count them.
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large stars thus crowded together in a very moderate space,

comparatively insulated from the rest of the heavens. The

constellation called Coma Berenices is another such group,

more diffused, and consisting on the whole of larger stars.

(865.) In the constellation Cancer, there is a somewhat

similar, but less definite, luminous spot, called Pnesepe, or

the bee-hive, which a very moderate telescope,— an ordinary

night-glass for instance,— resolves entirely into stars. In

the sword-handle of Perseus, also, is another such spot,

crowded with stars, which requires rather a better telescope to

resolve into individuals separated from each other. These

are called clusters of stars ; and, whatever be their nature, it

( ^ is certain that other laws of aggregation subsist in these spots,

A than those which have determined the scattering of stars over

the general surface of the sky. This conclusion is still more

strongly pressed upon us, when we come to bring very

powerful telescopes to bear on these and similar spots. There

are a great number of objects which have been mistaken for

comets, and, in fact, have very much the appearance of comets

without tails : small round, or oval nebulous specks, which

telescopes of moderate power only show as such. Messier

has given, in the Connois. des Temps for 1784, a list of the

phices of 103 objects of this sort ; which all those who search

for comets ought to be familiar with, to avoid being misled

by their similarity ofappearance. That they are not, however,

comets, their fixity sufficiently proves ; and when we come

to examine them with instruments qf great power,— such as

reflectors of eighteen inches, two feet, or more in aperture,

—

any such idea is completely destroyed. They are then, for

the most part, perceived to consist entirely of stars crowded

together so as to occupy almost a definite outline, and to run

up to a blaze of light in the centre, where their condensation

is usually the greatest. (See^^. 1. pi. II., which represents

K (somewhat rudely) the thirteenth nebula of Messier's list

(described by him as nebuleuse sans etoiles), as seen in a

reflector of 18 inches aperture and 20 feet focal length.)

Many of them, indeed, are of an exactly round figure, and

convey the complete idea of a globular space filled full of
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CLUSTERS OF STAIIS. e3&

stars, insulated in the heavens, and constituting in itself a

family or society apart from tlie rest, and subject only to ita

own internal laws. It would be a vain task to attempt to

counc the stars in one of these [/lobular clusters. They
arc not to be reckoned by hundreds ; and on a rough cal-

culation, grounded on the apparent intervals between them
at the borders, and the angular diameter of the whole group,

it would appear that many clusters of this description must
contain, at least, five thousand stars, compacted and wedged
together in a round space, whose angular diameter does not

exceed eight or tef minutes ; that is to say, in an area not

more than a tenth part of that covered by the moon.

(86G.) Perhaps it may bo thought to savour of the gigan-

tcsque to look upon the individuals of such a group as suns

like our own, and their mutual distances as equal to those

winch separate our sun from the nearest fixed star : yet,

when we consider that their united lustre affects the eye with

a less impression of light than a star of the fourth magnitude,

( for the largest of these clusters is barely visible to the naked

eye,) the idea we are thus compelled to form of their distance

from us may prepare us for almost any estimate of their

dimensions. At all events, we can hardly look upon a group

thus insulated, thus in seipso totus, teres, atque rotundus, aa

not forming a system of a peculiar and definite character.

Their round figure clearly indicates the existence of some

general bond of union in the nature of an attractive force

;

and, in many of them, there is an evident acceleration in

the rate of condensation as we approach the center, which

is not referable to a merely uniform distribution of equidistant

stars through a globular space, but marks an intrinsic density

in their state of aggregation, greater in the center than at

the surface of the mass. It is difficult to form any concep-

tion of the dynamical state of such a system. On the one

hand, without a rotatoiy motion and a centi'ifugal force, it is

hardly possible not to regard them as in a state of progressive

coUaj^se. On the other, granting such a motion and such a

force, wc find it no less difficult to reconcile the apparent

Fpliericity of their form with a rotation of the whole system
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round any single axis, without which internal collisions might

at first sight appear to bo inevitable. If we suppose n

globular space filled with e(iual stars, uniformly dispersed

through it, and very numerous, each of them attracting

every other with a force inversely as the square of the

distance, the resultant force by which any one of them (thoso

at the surface alone excepted) will be urged, in virtue of

their joint attractions, will be directed towards the common

center of the sphere, and will be directly as the distance

V therefrom. This follows from what Newton has proved of

/^ the mternal attraction of a homogeneous sphere. (See also

note on Art. 735.) Now, under such a law of force, each

particular star would describe a perfect ellipse about the

common center of gravity as its center, and that, in whatever

plane and whatever direction it might revolve. The con-

dition, therefore, of a rotation of the cluster, as a mass, about

a single axis would be unnecessary. Each ellipse, whatever

might be the proportion of its axis, or the inclination of its

plane to the others, would be invariable in every particular,

and all would be described in one common period, so that at

the "end of every such period, or annus magnus of the system,

every star of the cluster (except the superficial ones) would

be exactly re-established in its original position, thence to set

out afresh, and run the same unvarying round for an in-

definite succession of ages. Supposing their motions, there-

fore, to be so adjusted at any one moment as that the orbits

should not intersect each other, and so that the magnitude of

each star, and the sphere of its more intense attraction, should

bear but a small proportion to the distance separating the

individuals, such a system, it is obvious, might subsist, and

realize, in great measure, that abstract and ideal harmony,

which Newton, in the 89th Proposition of the First Book

of the Pr!hcipia, has shown to characterize a law of force

directly as the distance.*

(867.) The following are the places, for 1830, of the

prineipal of these remarkable objects, as specimens of their

class:—
* See also Quartr.ily Review, No. 94. p. 640.
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CLASSIFICATION OF NEBULiK. 687

R. A. N. P D. R. A. N. P D. R. A. N. P. D.

h. m. s.
o / h. m. I. / h. m. 8,

o »

16 -2S IG3 8 15 9 56 87 16 17 26 SI 143 34
9 a Mi i.';4 10 15 34 56 )27 13 17 28 42 93 8
12 47 41 159 57 16 6 55 112 33 11 26 4 114 2
13 4 30 70 55 16 23 2 102 40 18 55 49 150 14

13 IC 38 136 35 16 35 37 53 13 21 21 43 78 34
13 34 10 60 46 16 50 24 119 51 21 24 40 91 34

Of these, by far the most conspicuous and remarkable is

to Centauri the fifth of the list in order of Right Asccnsi(,n.

It is visible to the naked eye as a dim round cometic object

about equal to a star 4-5 m., though probably if concentered

in a single point, the impression on the eye would be mucli

greater. Viewed in a powerful telescope it appears as a globe

of fully 20' in diameter, very gradually increasing in brightness

to the center, and composed of innumerable stav? of the 13th

and 15th magnitudes (the former probably being two or more
of the latter closely juxtaposed). The 11th in order of the

list (R. A. 16'' 35™) is also visible to the naked eye in vert/

fine nights, between t) and f Herculis, and is a superb object

in a large telescope. Both were discovered by Halley, the

former in 1677, and the latter in 1714.

(868.) It is to Sir William Herschel that we owe the most
complete analysis of the great variety of those objects which
are generally classed under the common head of Nebulae, but
which have been separated by him into— 1st. Clusters of

stars, in which the stars are clearly distinguishable ; and these,

again, into globular and irregular clusters ; 2d. Resolvable

nebulae, or such as excite a suspicion that they consist of stars,

and which any increase of the optical power of the telescope

may be expected to resolve into distinct stars; 3d. Nebulae,

properly so called, in which there is no appearance whatever

of stars ; which, again, have been subdivided into subordinate

classes, according to their brightness and size ; 4th. Planetary

nebulae; 5th. Stellar nebulae; and, 6th. Nebulous stars.

The great power of his telescopes disclosed the existence

of an immense number of these objects before unknown, and
showed them to be distributed over the heavens, not by any

iH
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A

mciins uniformly, but with a marked preference to a certain

district, extending over tlio northern pole of the galuctio

circle, and occupying the constellationa Leo, Leo Minor, tho

body, tail, and hind Icga of Ursa Major, Canes Venatici,

Coma Berenices, the preceding leg of Bootes, and the head,

wings, and shoulder of Virgo. In this region, occupying

about one-eighth of the whole surface of the sphere, one-third

of the entire nebulous contents of tho heavens are con-

gregated. On the other hand, they arc very sparingly

scattered over the constellations Aries, Taurus, the head and

shoulders of Orion, Auriga, Perseus, Camelopardalus, Draco,

lierculca, the northern part of Serpentarius, the tail of

Serpens, that of Aquila, and the whole of Lyra. The hours

3, 4, 5, and 16, 17, 18, of right ascension in the northern

hemisphere arc singularly poor, and, on the other hand, the

hours 10, 11, and 12 (but especially 12), extraordinarily rich

in these objects. In the southern hemisphere a much greater

uniformity of disti'ibution prevails, and with exception of

two very remarkable centers of accumulation, called the

Magellanic clouds (of which more presently), there is no

very decided tendency to their assemblage in any particular

(869.) Clusters of stars are cither globular, such as we
have already described, or of irregular figure. These latter

are, generally speaking, less rich in stars, and especially less

condensed towards the center. They are also less definite in

outline; so that it is often not easy to say where they

terminate, or whether they are to be I'egarded otherwise than

as merely richer parts of the heavens than those around

them. Many, indeed the greater proportion of them, are

situated in or close on the borders of the Milky Way.
In some of them the stars are nearly all of a size, in

others extremely different ; and it is no uncommon thing to

find a very red star much brighter than the rest, occupying

a conspicuous situation in them. Sir William Herschcl

regards these as globular clusters in a less advanced state of

condenfaation, conceiving all such groups as approaching, by

their mutual attraction, to the globular figure, and assembling
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thomflclvcs together from all tho surrounding region, under
laws of which we have, it is true, no other proof than tlic

ol)8ervancc of a gradation by which tlicir characters shade
into one another, so that it is imposaiblo to say where
one species ends and tho other begins. Among tho most
beautiful objects of this class is that which surrounds tho star

X Crucis, set down as a nebula by Lacaille. It occupies an
area of about one 48th part of a square degree, and consiyts

of about 110 stars from the 7tl! magnitude downwards, eight
of the more conspicuous of which are coloured with various
shades of red, green, and blue, so as to give to the whole tho
appearance of a rich piece of jewellery.

(870.) llesolvablc ncbuUc can, of course, only bo con-
sidered as clusters cither too remote, or consisting of stars

intrinsically too faint to affect us by their individual light,

unless where two or three happen to be close enough to ninko
a joint impression, and give the idea of a point brighter than
the rest. They are almost universally round or oval— their

loose appendages, and irregularities of form, being as it were
extinguished by the distance, and the only general figure of
the more condensed parts being discernible. It is under the
appearance of objects of this character that all tho greater
globular clusters exhibit themselves in telescopes of insufficient

optical power to show them well; and the conclusion is

obvious, that those which the most powerful can barely render
resolvable, and even those which, with such powers as are
usually ajjplied, show no sign of being composed of stars,\
would be completely resolved by a further increase of opticaP'
power. In fact, this probability has almost been converted-
into a certainty by the magnificent reflecting telescope con-
strViCted by Lord Rosso, of six feet in aperture, which has
resolved or rendered resolvable . ititudes of nebulas which *

had resisted all inferior powers. The sublimity of the spec-
tacle afforded by that instrument ofsome of the larger globular
and other clusters enumerated in the list given in Art. 867.
is declared by all who have witnessed it to be such as no
words can express.

(871.) Although, therefore, nebulsB do exist, which even in

mm^mm^^^^m&mms^m^s-
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thi« powerful tclcBcopc uppcnr as nebulae, without any mgn of

resolution, it may very rc.i«onably be doubted whether there

bo really any essential physical distinction between nebuhu

nnd clusters of stars, at least in the nature of the matter of

which they consist, and whether the distinction between such

nebuUn as are easily resolved, barely res..lvablc w.th excellent

telescopes, and altogether irresolvable with the best, be any

thing else than one of degree, arising merely from the ex-

cessive n.inutencss and multitude of the stars, of wlj'ch the

latter, as compared with the former, consist. Ihe hrst

impression which llalley, and other early discoverers ot

nebulous objects received from their peculiar aspect, so dit-

ferc'nt from the keen, concentrated light of mere stars, was

that of a phosphorescent vapour (like the matter of a comet a

tail) or a gaseous and (so to speak) elementary form of lumi-

, nous sidereal matter/ Admitting the existence of such a

/^ medium, dispersed in some cases irregularly through vast

regions in space, in others confined to narrower and more

definite limits, Sir W. Ilcrschel was led to speculate on its

craduia subsidence and condensation by the effect of its own

cravity, into more or less regular spherical or spheroidal

forms, denser (as they must in that case be) towards the

center. Assuming that in the progress of this subsidence,

local centers of condensation, subordinate to the general

tendency, would not be wanting, he conceived that m this

way solid nuclei might arise, whose local gravitation still

further condensing, and so absorbing the nebulous matter,

each in its immediate neighbourhood, might ultimately become

Btars, and the whole nebula, finally take on the state of a

cluster of stars. Among the multitude of nebulaj revealed

by his telescopes, every stage of this proc^^ss might be con-

. sidered as displayed to our eyes, and in every mofhfication of

form to which the general principle might be conceived to

apply. The more or less advanced state of a nebula towards

its segregation into discrete stars, and of these stars them-

selves towards a denser state of aggregation round a central

nucleus, would thus be in some sort an indication of ago.

• llalley, Phil. Trans., xxix. p. 390.
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Neither is there any viiriety of aspect which ncl)idiB offer,

which stands at all in contradiction to this view. Even
though we should feel ourselves coinpollcd to reject the idea
of a gaseous or vaporons •' nebulous matter," it loses little

or none of its force. Subsidence, and the central aggregation
consequent on subsidence, may go on (luito as well among u
multitude of discrete bodies under the influence of mutual
attraction, and feeble or partially opposing projectile motions,
OS among the particles of a gaseous fluid.

(872.) The "nebular hypothesis," as it has been tenned,
ond the theory of sidereal aygrcgation stand, in ^aot, quite
independent of each other, the one as a physical conception
of processes which may yet, for aught wc know, have
fonned part of that mysterious chain of causes and cfFeota

antecedent to the existence of separate self-luminous solid

bodies; the other, as an application of dynamical principles to

cases of a very complicated nature no doubt, but in which
the possibility or impossibility, at least, of certain general
results may be determined on perfectly legitimate principles.

Among a crowd of solid bodies of whatever size, animated
by independent and partially opposing imijulses, motions

opiwsite to each other viint produce collision, destruction of

velocity, and subsidence or near appioach towards the center

of preponderant attraction; while thoao which conspire, or

which remain outstanding after such conflicts, must ultimately

give rise to circulation of a permanent character. ^Vhatever
we may think of such collisions as events, there i« nothing

in this conception contrary fo sound mechanical principles.

It will be recollected that the appearance of central con-
densation among a multitiide of separate bodies in motion,

by no means implies permanent proximity to the center in

each; any more than the habitually crowded state of a

market place, to which a large proportion of the inhabitants

of a town must frequently or occasionally resort, implies the

permanent residence of each individual within its area. It

is a fact that clusters thus centrally crowded do exist, and
therefore the conditions of their existence must be dynamically

possible, and in what has been said we m-iy at least perceive

TT
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Bomc glimpses of the manner in which they are so. The

actual intervals between the stars, even in the ^ost crowded

parts of a resolved nebula, to be seen at all by us, must be

enormous. Ages, which to us may well appear indefinite,

may easily be conceived to pass without a single instance of

collision, in the nature of a catastrophe. Such may have

gradually become rarer as the system has emerged from^ what

must be considered its chaotic state, till at length, in the

fulness of time, and under the pre-arranging guidance of that

Design which pervades universal nature, each individual

may have taken up such a course as to annul the possibility

of further destructive interference.

(873.) But to return from the regions of speculatioa to

the description of facts. Next in regularity of form to the

globular clusters, whose consideration has led us into this

digression, are elliptic nebulae, more or less elongated. And

of these it may be generally remarked, as a fact undoubtedly

connected in some very intimate manner with the dynamical

conditions of their subsistence, that such nebulsB are, for the

most part, beyond comparison more difficult of resolution

than those of globular form. They are of all degrees of

excentricity, from moderately oval forms to ellipses so elon-

'

gated as to be almost linear, which are, no doubt, edge-views

of very flat ellipsoids. In all of them the density in-

creases towards the centre, and as a general law it may be

remarked that, so far as we can judge from their telescopic

appearance, their internal strata approach more nearly to the

spherical form than their external. Their resolvability, too,

is greater in the central parts, whether owing to a real

superiority of size in the centnU stars or to the greater

frequency of cases of close juxta-position of individuals, so

that two or three united appear as one. In some the con-

densation is slight and gradual, in others great and sudden

:

80 sudden, indeed, as to offer the appearance of a dull anJ

blotted star, standing in the midst of a faint, nearly equable

elliptic nebulosity, (*f which two remarkable specimens occur

in R. A. la'' 10"' 33', N.P.D. 41" 46', and iu 13" 27" 28»,

119° 0' (1830).

iM^
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(874.) The largest and xlncst specimens of elliptic nebulio
which the heavens afford are that in the girdle of Andromeda
(near the star v of that constellation) and that discovered iu

1783, by Miss Carolina Herschel, in R. A. 0*" 39™ 12», I^.P.D.
116° 13'. The nebula in Andromeda (Plate II. fig. 3.)
is visible to the naked eye, and is continually mistaken for
a comet by those unacquainted with the heavens. Simon
Mariu:, who noticed it in 1612 (though it appears also to
have been seen and described as oval, in 995), describes its

appearance as that of a candle shining through horn, and the
resemblance is not inapt. Its form, as seen through ordinary
telescopes, is a pretty long oval, increasing by insensible
gradations of brightness, at first very gradually, but at last
more rapidly, up to a central point, wh' ' though very much
brighter than the rest, is decidedly i.^ a star, but nebula
of the same general character with the rest in a state of /

'

extreme condensation. Casual stars arc scattered over it,

but with a reflector of 18 inches in diameter, there is nothing
to excite any suspicion of its consisting of stars. Examined
with instruments of superior defining iwwer, however, the
evidence of its resolvability into stars, may be regarded
as decisive. Mr. G. P. Bond, assistant at the observatory
of Cambridge, U. S., describes and figures it as extending
nearly 2^" in length, and upwards of a degree in breadth (so
as to include two other smaller adjacent nebulte), of a form,
generally speaking, oval, but with a considerably protube-
rant irregularity at its north following extremity, very
suddenly condensed at the nucleus almost to the semblance
of a siar, and though not itself clearly resolved, yet thickly
sown over with visible minute stars, so numerous as to allow
of 200 being counted within a field of 20' diameter in the
richest parts. But the most remarkable feature in his
description is that of two perfectly straight, narrow, and com-
paratively or totally obscure streaks which run nearly the
whole length of one side of the nebula, and (though slightly

divergent from each other) nearly parallel to its longer
axis. These streaks (which obviously indicate a stratified

structure in the nebula, if, indeed, they do not originate in
T T 2
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the interposition of imperfectly transparent matter between

us and it) are not seen on a general and cursory view of the

nebula; they require attention to distinguish them*, and this

circumstance must be borne in mind when inspecting the very

extraordinary engraving which iUustrates Mr. Bond's account.

The figure in given our Plate II. fig. 3., is from a rather

hasty Tketch, and makes no pretensions to exactness. A

similar, but much more strongly marked case of parallel

arrangement than that noticed by Mr. Bond in this, is one in

which the two semi-ovala of an elliptically formed nebula

appear cut asunder and separated by a broad obscure band

parallel to the longer axis of the nebula, in the midst of

which a faint streak of light parallel to the sides of the cut

appears, is seen in the southern hemisphere in R. A. 13 15°

31», N.P.D. 132° 8' (1830). The nebulae in 12'» 27'" 3%

63" 5', and 12'' 31° 11% 100° 40' present analagous features.

{S75.) Annular nebulae also exist, but are among the rarest

objects in the heavens. The most conspicuous of this class

is to be found almost exactly half way between /3 and YLyrae,

and may be seen with a telescope of moderate power. It w

small and particularly well defined, so as to have more the

appearance of a flat oval solid ring than of a nebula. The axes

of the ellipse are to each other in the proportion of about

4 to 5, and the opening occupies about half or rather more

than half the diameter. The central vacuity is not quite

dark, but is filled in with faint nebula, like a gauze stretched

over a hoop. The powerful telescopes of Lord Rosse resolve

this object into excessively minute stars, and show filaments

of stars adhering to its edges, t

(876.^ Planetary NEBULiE are very extraordinary ob-

jects. They have, as their name imports, a near, in some

instances, a perfect resemblance to planets, presenting disca

round, or slightly oval, in some quite sharply terminated,

. Account of the nebula in Andromeda, by G. P Bond. As.ist«it at the

r.mhri.l.rc Obscrvatorv, U. S. Trans. American Acad., vol. ui. p. SO.

tS pi °«"°f"h° alinular nebula, at present known (for 1830) are.

1.

2.

B.A.

17 19

39«

2

N.P.D.
128° 18'

113 37

3.

4.

R.A.
lah 4>7in

so 9

13'

33

N.P.D.
57° 11'

59 57
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in others a little hazy or softened at the borders. Their
light is in some perfectly equable, in others mottled and of
a very peculiar texture, as if curdled. They are compara-
tively rare objects, not above four or five and twenty having
been hitherto observed, and of these nearly three fourths are

situated in the southern hemisphere. Being very interestin"'

objects we subjoin a list of the most remarkable. * Among
these may be more particularly specified the sixth in order,

situated in the Cross. Its light is about equal to that of a

star of the 6-7 magnitude, its diameter about 12", its disc

circular or very slightly elliptic, and with a clear, sharp, well-

defined outline, having exactly the appearance of a i)lanet

with the exception only of its colour, which is a fine and full

blue verging somewhat upon green. And it is not a little

remarkable that this phaenomenon of a blue colour, which is

so rare among stars (except when in the immediate proxi-

mity of yellow stars) occurs, though less strikingly, in three

other objects of this class, viz. in No. 4, whose colour is sky-

blue, and in Nos. 11 and 12, where the tint, though paler, is

still evident. Nos. 2, 7, 9, and 12, are also exceedingly

characteristic objects of this class. Nos. 3, 4, and 11 (the

latter in the parallel of v Aquarii, and about 5™ preceding

that star), are considerably elliptic, and (respectively) about
38", 30" and 15" in diameter. On the disc of No. 3, and
very nearly in the center of the ellipse, is a star 9m, and
the texture of its light, being velvety, or as if formed of fine

dust, clearly indicates its resolvability into stars. The largest

of these objects is No. 5, situated somewhat south of the
parallel of yS Ursae Majoris and about 12™ following that

star. Its apparent diameter is 2' 40", which, supposing it

* Places tor 1830 of twelve of the most remarkable planetary nebulte.

R.A. N.P.D. B.A. N.P.D. R.A. N.P.D.

h. in. 8.

1. 7 34 2
2. 9 16 39
.S, 9 59 52
1. ^0 16 36

o /

104 20
147 35
129 36
107 47

h. m. 8.

5. 1 1 4 49
6. 11 41 56
7. 15 5 18

8. 19 10 9

o /

34 4
146 14
135 1

83 46

h. m. 8.

9. 19 34 21

10. 19 40 19

11. 20 54 53
12. 23 17 44

/

104 33
39 54
102 2
48 24

TT 3
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V

\

placed at a distance from i3 not more than that of 61

Cygni, would imply a lineui one seven timea greater than

that of the orbit of Neptune. The light of this stupendous

globe is perfectly equable (except just at the edge, where it is

slightly softened), and of considerable brightness. Such an

appearance would not be presented by a globular space

uniformly filled with stars or luminous matter, which struc-

ture would necessarily give rise to an apparent increase of

brightness towards the center in proportion to the thickness

traversed by the visual ray. We might, therefore, be in-

duced to conclude its real constitution to be either that of a

hollow spherical shell or of a flat disc, presented to us (by a

'• \ highly improbable coincidence) in a plane precisely perpen-

dicular to the visual ray.

(877.) Whatever idea we may form of the real nature

of such a body, or of the planetary nebulae in general,

which all agree in the absence of central condensation, it

''^
is evident that the intrinsic splendour of their surfaces, if

continuous, must be almost infinitely less than that of the

sun. A clr< iilar portion of the sun's disc, subtending an

angle of 1', would give a light equal to that of 780 full

moons ; while among all the objects in question there is not

one which can be seen with the naked eye. M. Arago has

surmised that they may possibly be envelopes shining by

reflected light, from a solar body placed in their center, in-

visible to us by the effect of its excessive distance ; removing,

or attempting to remove the apparent paradox of such an

explanation, by the optical principle that an illuminated

surface is equally bright at all distances, and, therefore, if

large enough to subtend a measurable angle, can be equally

well seen, whereas the central body, subtending no such

an"le, has its effect on our sight diminished in the inverse

ratio of the square of its distance.* The immense optical

* With due deference to so high an authority we must demur to the conclu-

sion. Even supposing the envelope to reflect and scatter (equally in all direc-

tions) all the light of the central snn, the portion of the light so scattered which

would fall to our share could not exceed that which that sun itself would send

to us by direct radiation. But this ex hypothesi, is too small to affect the eye

with any luminous perception, when concc.itrated in a point, much less then

IWH.)i>wi.a<i iijnMi»M. i
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powers applied by Lord Rosse to the examination of these

enigmatical objects have hitherto only added to the mystery
Avhich hangs about them, by disclosing caprices of structure

in several of them of the most extraordinary nature.*

(878.) Double nebulas occasionally occur— and when such
is the case, the constituents most commonly belong to tho

class of spherical nebulae, and arc in some instances undoubt-
edly globular clusters. All the varieties of double stars, in

fact, as to distance, position, and relative brightness, have
their counterparts in double nebula; ; besides which the varie-

ties of form and gradation of light in the latter afford room
for combinations peculiar to this class of objects. Though
the conclusive evidence of observed relative motion be yet
wanting, and though from the vast scale on which such sys-

tems are constructed, and the probable extreme slowness of
the angular motion, it may continue for ages to be so, yet it

is impossible, when we cast our eyes upon such objects, or on
the figures which have been given of themt, to doubt their

physical connexion. The argument drawn from the compa-
rative rarity of the objects in proportion to the whole extent

of the heavens, so cogent in the case of the double stars, is

infinitely more so in that of the double nebulae. Nothing
more magnificent can be presented to our consideration, than
such combinations. Their stupendous scale, the multitude
of individuals they involve, the perfect symmetry and regu-
larity which many of them present, the utter disregard of

complication in thus heaping together system upon system,
and construction upon construction, leave us lost in wonder
and admiration at the evidence they afford of infinite power
and unfathomable design.

(879.) Nebulae of regular forms often stand in marked and
symmetrical relation to stars, both single and double. Thus
we are occasionally presented with the beautiful and striking

phaenomenon of a sharp and brilliant star concentrically sur-

rounded by a perfectly circular disc or atmosphere of faint

could it do so if spread over a surface many million times exceeding in angular
area the apparent disc of the central sun itself. (See Annuaire du Bureau dcs
Longitudes, 1842, p. 409, 410, 411.)

• See the figures in his paper, Phil. Trans. 1850.

t Phil. Trans, isaa, Plate vii.

T T 4
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light, in some cases dying away' insensibly on all sides, in

others almost suddenly terminated. These are Nebulous Stars.

Fine examples of this kind are the 45th and 69th nebulaj of

Sir Wm. Herschel's fourth class* (R. A. T^ lO" 8% N. P. D.

68° 45', and 3" 58" 36% 59° 40'), in which stars of the

8th maf^nitude are surrounded by photospheres of the kind

above described respectively of 12" and 25" in diameter.

Among stars of larger magnitudes, 55 Andromedas and

8 Canum Venaticorum may be named as exhibiting the same

phajnomenon with more brilliancy, but perhaps with less

perfect regularity.

(880.) The connexion of nebulse with double stars is m
many instances extremely remarkable. Thus in R. A. 18''

7" 1*, N. P. D. 109° 56', occurs an elliptic nebula having its

longer axis about 50", in which, symmetrically placed, and

rather nearer the vertices than the foci of the ellipse, are the

equal individuals of a double star, each of the 10th magnitude^

In a similar combination noticed by M. Struve (in R. A. 18"

25™, N. P. D. 25° 7'), the stars areunequal and situated pre-

cisely at the two extremities of the major axis. In R. A. IS"*

47"» 33', N. P. D. 129° 9', an oval nebula of 2' in diameter has

very near its center a close double star, the individuals of

which, slightly unequal, and about the 9-10 magnitude, are

not more than 2" asunder. The nucleus of Messier's 64th

nebula is " strongly suspected " to be a close double star—
and several other instances might be cited.

(881.) Among the nebulaj which, though deviating more

from symmetry of form, are yet not wanting in a certain

regularity of figure, and which seem clearly entitled to bo

regarded as systems of a definite nature, however mysterious

their structure and destination, b/ far the most remarka.ble

are the 27th and Slst of Messier's Catalogue.! This consists

• The classes here referred to are not the species described in Art. 868., but

lists of nebul£E, eight in number arranged according to brightness, size, density

of chnterine.&c., in one or other of which all nebulae were originally classed by

hlr Clasfl. contains " Bright nebuW ;
" II. " F..int do.

;

" I II. " Ver, faint

do •" IV "Planetary nebulte, stars with bars, milky chevelures, short rays,

rem'arkable shapes, &c. ;" V " Very large nebula,
•,;

VI » Very compressed nch

clusters;" VII, "Pretty much compressed do.;" VIII. " Coarsely scattered

"'t' Place for 1830: R. A. IS" 52- 12', N. P. D. C7° 44', and R.A. IS"- 22"

39«. N.P.D. 41° 56'.

"k.-. fMll'JTfWTiiftiiiriii iriwiiMi



n all sides, in

Vebulous Stars.

;9tli nebula; of

» 8', N. P. D.

1 stars of the

ca of the kind

' in diameter,

idromedaj and

(iting the same

laps with less

ible stars is in

8 ill R. A. IS"^

biila having its

Uy placed, and

ellipse, are the

0th magnitude.

i (in R. A. 18''

id situated pre-

. In K A. 13h

in diameter has

I individuals of

magnitude, are

Messier's 64th

double star—

deviating more

ig in a certain

entitled to be

ever mysterious

lost remarkable

•f
This consists

bed in Art. 868., but

ghtness, size, density

originally classed by
;" III. "Ver; faint

evelurcs, short rays,

Very compressed rich

" Coarsely scattered

', and R. A. 13" 22"

NEBULA OF PECULIAR F0UM8. 649

of two round or somewhat oval nebulous masses united by a

short neck of nearly the same density. Both this and the

masses graduate off however into a fainter nebulous envelope

which completes the figure into an elliptic form, of which the

interior masses with their connexion occupy the lesser axis.

Seen in a reflector of 18 inches in aperture, the form has

considerable regularity; and though a few stars are here

and there scattered over it, it is unresolved. Lord Rosse,

vicwin" it with a reflector of double that aperture, describes

and figures it as resolved into numerous stars with much

intermixed nebula ; while the symmetry of form by rendering

visible features too faint to be seen with inferior {lOwer, is

rendered considerably less striking, though by no means obli-

terated.

(882.) The 51st nebula of Messier, viewed through an 18-

inch reflector, presents the appearance of a large and bright

globular nebula, surrounded by a ring at a considerable dis-

tance from the globe, very unequal in brightness in its differ-

ent parts, and subdivided through about two-fifths of its Cn-

cumference as if into two laminas, one of which appears as if

turned up towards the eye out of the plane of the rest. Near

it (at about a radius of the ring distant) is a small bright

round nebula. "Viewed through the 6-feet reflector of Lord

Rosso the aspect is much altered. The interior, or what

appeared the upturned portion of the ring, assumes the aspect

of a nebulous coil or convolution tending in a spiral form

towards the center, and a general tendency to a spiroid

arrangement of the streaks of nebula connecting the ring and

central mass which this power brings into view, becomes

apparent, and forms a very striking feature. The outlying

nebula is also perceived to be connected by a narrow, curved

band of nebulous light with the ring, and the whole, if not

clearly resolved into stars, has a " resolvable" character which

evidently indicates its composition. ( See PL VI. fig. 3.) A
still more decidedly spiral structure is indicated by Lord

Rosse in Messier's 99th nebula.

(883.) We come now to a class of nebulas of totally differ-
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ent character. They arc of very great extent, utterly devoid

of uU symmetry of form,— on the contrary, irregular and

capricious in their shapes and convolutions to a most extrtv-

ordinary degree, and no less so in the distribution of their

light. No two of them can be said to present any similarity

of figure or aspect, but they have one important character in

common. They are all situated in, or very near, the borders

of the Milky Way. The most remote from it is that in the

sword handle of Orion, which being 20° from the galactic

circle, and 15° from the visible border of the Via Lactea, might

seem to form an exception, though not a striking one. But

this very situation-may be adduced as a corroboration of the

general view which this principle of localization suggests.

For the place in question if situated in the prolongation of

that faint offset of the Milky "Way which we traced (Art. 787.)

from a and s Persci towards Aldebaran and the Hyades, and

in the zone of Great Stars noticed in Art. 785. as an ap-

pendage of, and probably bearing relation to that stratum.

(884.) i'rom this it would appear to follow, almost as a matter

of course, that they must be regarded as outlying, very distant,

and as it were detached fragments of the great stratum of the

Galaxy, and this view of the subject is strengthened when

we find on mapping down their places that they may all be

grouped in four great masses or nebulous regions,— that of

Orion, of Argo, of Sagittarius, and of Cygnus. And thus,

inductively, we may gather some information respecting the

structure and form of the Galaxy itself, which, could we view

it as a whole, from a distance such as that which separates us

from these objects, would very probably present itself under

an aspect quite as complicated and irregular.

(885.) The great nebula surrounding the stars marked 6 1

in the sword hnndle of Orion waa discovered by Huygiiens

in 1656, and has been repeatedly figured and described by

astronomers since that time. Its appearance varies greatly

(as that of all nebulous objects does) with the instrumental

power applied, so that it is difficult to recognize in repre-

sentations made with inferior telescopes, even principal fea-

tures, to say nothing of subordinate details. Until this

ilii
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became well understood, it was supposed to have changed

very materially, both in form and extent, during the interval

elapsed since its first discovery. No doubt, however, now

remains that these supposed changes have originated partly

from the cause above-mentioned, partly from the difficulty of

correctly drawing, and, still more? engraving such objects,

and partly from a want of sufficient care in tho earlier de-

lineators themselves in faithfully copying that which they

really did see. Our figure (Plate IV., ./?^. 1.) is reduced

from a larger one made under very fdvourablo circumstances,

from dmwings taken with an 18 -inch reflector at the Capo

of Good Hope, where its meridian altitude greatly exceeds

what it has at European stations. The area occupied by

this figure is about one 25th part of a square degree, extend-

ing in R. A. (or horizontally) 2™ of time, equivalent almost

exactly to 30' in arc, the object being very near the equator,

and 24' vertically, or in polar distance. The figure shows

it reversed in both directions, the northern side being lower-

most, and the preceding towards the left hand. In form, the

brightest portion offers a resemblance to the head and yawn-

ing jaws of some monstrous animal, with a sort of proboscis

running out from the snout. Many stars are scattered over

it, which for the most part appear to have no connexion

with it, and the remarkable sextuple star 9 1 Ononis, of

which mention has already been made (Art. 837.), occupies

a most conspicuous situation close to the brightest portion,

at almost the edge of the opening of the jaws. It is re-

markable, however, that within the area of the trapezium no

nebula exists. The general aspect of the less luminous and

cirrous portion is simply nebulous and irresolvable, but the

brighter portion immediately adjacent to the trapezium,

forming the square front of the head, is shown with the 18-inch

reflector broken up into masses (very imperfectly represented

In the figure), whose mottled and curdling light evidently

Indicates by a sort of granular texture its consisting of stars,

and when examined under the great light of Lord Rosse's

reflector, or the exquisite defining power of the great achro-

matic at Cambridge, U.S., is evidently perceived to con-
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Biflt of clustering stars. There can therefore be little doubt

fts to the whole consiating of stnrs, too minute to be discerned

individually even with these powerful aids, but which becoino

visible as points of light when closely adjacent in the more

crowded parts in the mode already more than once suggested.

(886.) The nebula is "not confined to the limits of our

figure. Northward of 6 about 33', and nearly on the same

meridian arc two stars marked C 1 and C 2 Orionis, in-

volved in a bright and branching nebula of vciy singular fonn,

and south of it is, the star i Orionis, which is also involved

in strong nebula. Careful examination with powerful tele-

Bcopes has traced out a continuity of nebulous light between

the great nebula and both these objects, and there can bo

little doubt that the nebulous region extends northwards, as

far as « in the bolt of Orion, which is involved in strong

nebulosity, as well as several smaller stars in the immediate

neighbourhood. Professor Bond has given a beautiful figure

of the great nebula in Trans. American Acad, of Arts and

Sciences, new series, vol. iii.

(887.) The remarkable variation in lustre of the bright

star f) in Argo, has been already mentioned. This star is

situated in the most condensed region of a very extensive

nebula or congeries of nebular masses, streaks and branches,

a portion of which is represented in fig. 2. Plate IV. The

whole nebula is spread over an area of fully a square degree

in extent, of which that included in the figure occupies about

one-fourth, that is to say, 28' in polar distance, and 32' of

arc in B. A., the portion not included being, though fainter,

even more capriciously contorted than that here depicted,

in which it should be observed that the preceding side ia

towards the right hand, and the southern uppermost. Viewed

with an 18-inch reflector, no part of this strange object shows

any sign of resolution into stars, nor in the brightest and

most condensed portion adjacent to the singular oval vacancy

in the middle of the figure is there any of that curdled

appearance, or that tendency to break up into bright knots

with intervening darker portions which characterize the

uebida of Orion, and indicate its resolvability. The whole

....^ lartHiWMnn
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if situated in a very rich atul brilliant part of the Milky \Viiy,

o thickly strewed with stars (omitted in the figure), that in

the area occupied by the nebula, not less than 1200 have

been actually counted, and their places in II. A. and P. 1).

determined. Yet it is obvious that thene have no connexion

whatever with tho nebula, being, in fact, only a simple con-

tinuation over it of the general ground of the galaxy, which

on an average of two hours in lliglit Ascension in this

period of its course contains no less than .3138 stars to tho

Bquare degree, all, however, distinct, and (except where the

object in question is situated) seen projected on a perfectly

dark heaven, without any appearance of intermixed nebulosity.

The conclusion can hardly be avoided, that in looking at it

we see through, and beyond the Milky Way, far out into

space, through a starless region, disconnecting it altogether

from our system. '' It is not easy for langunge to convey a

full impression of the beauty and sublimity of the spectacle

which this nebula offers, as it enters the field of view of a

telescope fixed in Right Ascension, by the diurnal motion,

ushered in as it is by so glorious and innumerable a procession

of stars, to which it forms a sort of climax," and in a part of

the heavens otherwise full of interest. One other bright

and very remarkably formed nebula of considerable mag-

nitude precedes it nearly on the same parallel, but without

any traceable connexion between them.

(888.) The nebulous group of Sagittarius consists of several

conspicuous nebula)* of very extraordinary forms by no

means easy to give an idea of by mere description. One of

them (A, 1991 f ) is singularly trifld, consisting of three bright

and irregularly formed nebulous masses, graduating away

insensibly externally, but coming up to a great intensity of

• About R.A. n" 52"", N.P.D. 113° 1', four nebulae, No. 41 of Sir Wm.
Hcrschel'g 4th class, and Nos. 1, 2, 3, of his 5th. all connected into one great

complex nebula. — In R.A. 17" 53"' 27", N.P.D. lU" 21', the 8th, and in

18" 1 1", 106° IS', the 17th of Messier's Catalogue.

t This number refers to the catalogue of nebulae in Phil. Trans., 183S. The

reader will find figures of the several nebula; of this group in that volume, pi. iv.

flg. 35., in the Author's " Results of Observations, &c., at the Cape of Good

Hope," Platei i. fig. 1., and ii. figs. I and 2, and in Mason's Memoir in the coU

lection of the American Phil. Soc., vol. vii. art. xiiL

msa
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light ftt th«ff )nt«rior edged, where they encloeo and eurrouiid

a 8ort of threo-forked ''ft, or vncnnt lUi i, abruptly luul uii-

«outhIy crooked, and ijuite void of nchulous light. A beau-

tiful triple Htar ia situated preniaely on the edge of ono of

these 11! huloua niuaacs just where the interior vucnnoy t',;,' a

out into i»vo channels- A fourth nebulous muss sjtreiids like

a fun or downy plume Voni a star at a little distance from tho

triple nebula.

(889.) Nearly adjacent to tho last described nebula, and
no doubt connected with it, though the connexion has not yet

been traced, ia situated tho 8th nebula of Messier's Catalogue.

It is a collection of nebulous folds and massea, surrounding

and including a number of oval dark vacancies, and in

ono place coming up to so great n degree of brightness, as to

offer tho appearance of an elongated nucleus. Superposed
u])on this nebula, and extending in one direction beyond its

area, is a fine and rich cluster of scattered stars, which seem
to have no connexion with it, as the nebula does not, as in

the region of Orion, show any tendency to congregate about
the stars.

(890.) The 19th nebula of Messier's Catalogue, though
some degrees remote from the others, evidently belongs to

this group. Its form is very remarkable, consisting of two
loops like capital Greek Omegas, tho one bright, the other ex-
ceedingly faint, connected at their bases by a broad and very
bright band of nebula, insulated within which by a narrow
comparatively obscure border, stands a bright, resolvable

knot, or what is probably a cluster of exceedingly minute
Btara. A very faint round nebula stands in connexion with
the upper or convex portion of the brighter loop.

(891.) The nebulous group of Cygnus consists of several

large and irregular nebuhe, one of which passes through the
double star h Cygni, as a long, crooked, narrow streak, forking

out in two or three places. The others *, ob erved in the first

instance by Sir W. Herschel and by the auth «; of I -(is work
as separate nebulae, have been traced into conm wu i [, r Mr.
Mason, and shown to form part of a curir n' ..•« n,^Icate
nebulous system, consisting, let, of a long, narrow, curved,

• 11, A 20'' 49" 20«, N.P.D. 58° 27'.
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nnd forked streak, and 2dly, of a cellular oifusion of great

extent, in which the nebula f»rcura in I mixed witli, and

adhering to stars around the bordci^^ of the colla, while their

interior is free from nebula, and alniovit so A-om starn.

(802.) The Mivgellanic clom. , or the nubc< ulan Cntajor and

minor), as they are called in the celestial maps andchartn, are,

as their name imiwrts, two nebulous or c! udy masses of light,

conspicuously viwible to the naked eye, in the southern homi-

phere, in the appearance and brightness of their light not

unlike portions of the Milky Way of the same apparent size,

lliey are, generally speaking, round, or somewhat oval, and

tho !'.rger, which dcviatea moat from the circular form, ex-

hibits the appearance of an axis of light, very ill defined, and

by no means strongly diatinguiahcd from the general innaa,

which seems to open out at ita extremities into somewhat

oval sweeps, constituting the preceding and following portions

of its circumference. A araall patch, visibly brighter than

the general light around, in its following part, indicates to

the naked eye tho situation of a very remarkable nebula

(No. 30, Doradfts of Bode'a catologue), of which mere here-

after. Tho greater nubecula is situated between tho me-

ridians of 4" 40'° and 6" 0» and the parallels of 156° and 162"

of N.P.D., and occupies an area of about 42 square degrees.

The lesser, between the meridians * O"* 28" and I'' IS"" and

the parallels of 162° and 165° N. P. D., covers about ten square

degrees. Their degree of brightness may be judged of from

the effect of strong moonlight, which totally obliterates the

lesser, but not quite the greater.

(893.) When examined through powerful telescopes, the

constitution of the nubecultB, and especially of the nubecula

major, is found to be of oatonishing complexity. The general

ground of both conaiata of large tracta and patches of nebu-

losity in every stage of resolution, from light, irresolvable

with 18 inchfs of reflecting aperture, up to perfectly sepa-

rated stars like the Milky Way, and clustering groupa suffi-

ciently insuhiicd and condensed to come under the designation

of irregular, and in some caaea pretty rich cluaters. But be-

• It in laid down nearly an hour wrong in all the celestial charts and glob«a

'imm «B«!ir;«ss,-<
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sides those, there are also nebulae in abundance, both regular

and irregular; globular clusters in every state of condensation;

and objects of a nebulous character quite peculiar, and which
have no analogue in any other region of the heavens. Such
is the concentration of these objects, that in the area occupied

by the nubecula major, not fewer than 278 nebula3 and
clusters have been enumerated, besides 50 or 60 outliers,

which (considering the general barrenness in such objects of

the immediate neighbourhood) ought certainly to be reckoned
as its appendages, being about 6i^ per square degree, which very
far exceeds the average of any other, even the most crowded
parts of the nebulous heavens. In the nubecula minor, the

concentration of such objects is less, though still very striking,

37 having been observed within its area, and 6 adjacent, but
outlying. The nubeculae, then, combine, each within its ov/n

area characters which in the rest of the heavens are -no less

strikingly separated,—viz., those of the galactic and the nebu-
lar system. Globular clusters (except in one region of email

extent) and nebulae of regular elliptic forms are compara-
tively rare in the Milky Way, and are found congregated in

the greatest abundance in a part of the heavens, the most
remote possible from that circle ; whereas, in the nubecula,
they are indiscriminately mixed with the general scurry

ground, and with irregular though small nebulae.

(894.) This combination of characters, rightly considered,

is in a high degree instructive, affording an insight into the

probable comparative distance of stars and nebulce, and the

real brightness of individual stars as compared one with
another. Taking the apparent semidiameter of the nubecula
major at 3°, and regarding its soUd form as, roughly speaking,

spherical, its nearest and most remote parts differ in their

distance from us by a little more than a tenth part of our
distance from its center. The brightness of objects situated

in its nearer portions, therefore, cannot be much exaggerated,
nor that of its remoter much enfeebled, by their difference of
distance ; yet within this globular space, we have collected

upwards of 600 stars of the 7th, 8th, 9th, and 10th magni-
tudes, nearly 300 nebulae, and globular and other clusters,
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THE MAGELLANIC CLOUDS. 067

of all degrees of resolubility, and smaller scattered stars innu-
merable of every inferior magnitude, from the 10th to such
as by their multitude and minuteness constitutQ irresolvable
nebulosity, extending over tracts of many square degrees.
Were there but one such object, it might be maintained with-
out utter Improbability that its apparent sphericity is only an
effect of foreshortening, and that In reality a much greater pro-
portional difference of distance between its nearer and more
remote parts exists. But such an adjustment. Improbable
enough in one case, must be rejected as too much so for fair

argument in two. It must, therefore, be taken as a demon-
strated fact, that stars of the 7th or 8 ;h magnitude and irre-

solvable nebula may co-exist within limits of distance not
differing in proportion more than as 9 to 10, a conclusion which
must Inspire some degree of caution in admitting, as certain,

many of the consequences which have been rather strongly
dwelt upon in the foregoing pages.

(895.) Immediately preceding the center of the nubecula
minor, and undoubtedly belonging to the same group, occurs
the superb globular clusterj No. 47. Toucan! of Bode, very
visible to the naked eye, and one of the finest objects of this

kind in the heavens. It consists of a very condensed spherical
mass of sturs, of a pale rose colour, concentrically enclosed in

a much less condensed globe of white ones, 15' or 20' in

diameter. This Is the first in order of the list of such clusters

in Art. 867.

(896.) Within the nubecula major, as already mentioned,
and faintly visible to the naked eye, is the singular nebula
(marked as the star 30 Dorados in Bode's Catalogue) noticed
by LacalUe as resembling the nucleus of. a small comet. It

occupies about one-500th part of the whole area of the nu-
becula, and is so satisfactorily represented In pkte V., fig. 1.,

as to render further description superfluous.

(897.) We shall conclude this chapter by the mention of
two phaenomena, which seem to indicate the existence of
some slight degree of nebulosity about the sun Itself, and even
to place it in the list of nebulous stars. The first is that

called the zodiacal light, which may be seen any very clear

u u
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evening soon after sunset, about the months of March, April,

and May, or at the opposite seasons before sunrise, as a cone

or lenticularly-shaped light, extending from the horizon ob-

liquely upwards, and following generally the course of the

ecliptic, or rather that of the sun's equator. The apparent

angular distance of its vertex from the sun varies, according

to circumstances, from 40° to 90°, and the breadth of its base

perpendicular to its axis from 8° to 30°. It is extremely

faint and ill defined, at least in this climate, though better

seen in tropical regions, but cannot be mistaken for any

atmospheric meteor or aurora borealis. It is manifestly in

the nature of a lenticularly-formed envelope*, surrounding the

sun, and extending beyond the orbits of Mercury and Venus,

and nearly, perhaps quite, attaining that of the earth, since its

vertex has been seen fully 90° from the sun's place in a great

circle. It may be conjectured to be no other than the denser

part of that medium, which, we have some reason to believe,

resists the motion of comets ; loaded, perhaps, with the actual

materials of the tails of millions of those bodies, of which

they have been stripped in their successive perihelion pas-

sages (Art. 566.). An atmosphere of the sun, in any proper

sense of the word, it cannot be, since the existence of a

gaseous envelope propagating pressure from part to part;

subject to mutual friction in its strata, and therefore rotating

in the same or nearly the same time with the central body

;

and of such dimensions and ellipticity, is utterly incompatible

with dynamical laws. .If its particles have inertia, they must

necessarily stand with respect to the sun in the relation of se-

parate and independent minute planets, each having its own
orbit, plane of motion, and periodic time. The total mass being

almost nothing compared to that of the sun, mutual perturba-

tion is out of the question, though collisions among such as

may cross each other's paths may opeiate in the course of

indefinite ages to effect a subsidence of at least some portion

of it into the body of the sun or those of the planets.

• I cannot imagine upon what grounds HumboUt persists in ascribing to it

tlie form of. a ring encircling llie sun. (AuJlior.)
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METEOROLITES AND SlIOOTINO STARS. 659

(898.) Nothing prevents that these particles, or some
among them, may have some tangible size, and be at very
great distances from each other. Compared with planets

visible in our most powerful telescopes, rocks and stony
masses of great size and weight would be but as the im-
palpable dust which a sunbeam renders visible as a sheet of

light when streaming through a narrow chink into a dark
chamber. It is a fact, established by the most indisputable

evidence, that stony masses and lumps of iron do occasioually,

and indeed by no means unfrequently, fall upon the earth from
the higher regions of our atmosphere Cwhere it is obviously im-
possible they can have been generated), and that they have
done so from the earliest times of history. Four instances

are recorded of persons being killed by their fall. A block

of stone fell at ^gos Potamos, B.C. 465, as large as two
mill-stones ; another at Nami, in 921, projected, like a rockj

four feet above the surface of the river, into which it was
seen to fall. The emperor Jehangire had a sword forged

from a mass of meteoric iron which fell, in 1620, at Jahlinder,

in the Punjab.* Sixteen instances of the fall of stones in

the British Isles are well authenticated to have occurred since

1620, one of them in London. In 1803, on the 26th of

April, thousands of stones were scattered by the explosion

into fragments of a large fiery globe over a region of twenty
or thirty square miles around the town of L'Aigle, in Nor-
mandy. The fact occurred at mid-day, and the circumstances

were officially verified by a commission of the French go-

vemment-t These, and innumerable other instances |, fully

establish the general fact ; and after vain attempts to account

for it by volcanic projection, either from the earth or the

moon, the planetary nature of these bodies seema at length

to be almost generally admitted. The heat which they pos-

sess when fallen, the igneous phsenomena which accompany
them, their explosion on arriving within the den? ?r regions

* See the emperor's own very remarkable account of the occurrence, trans-
lated in Phil. Trans. 179S, p. 203.

t See M. Biot's report in Mem. de I'lnstitut 1806.

f See a list ofupwards of 200, published by Chladni, Annales du Bureau dca
Lon|{itudes de France, 1825.

u n 2
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of oui atmosphere, &c., are all sufficiently accounted for on

physical principles, by the condensation of the air before

them in consequence of their enormous velocity, and by the

relations of air in a highly attenuated state to heat.*

(899.) Besides stony and metallic masses, however, it ia

probable that bodies of very different natures, or at least states

of aggregation, are thus circulating round the sun. Shooting

stars, often followed by long trains of light, and those great

fiery globes, of more rare, but not very uncommon occurrence,

which are seen traversing the upper regions ofour atmosphere,

sometimes leaving trains behind them remaining for many

minutes, sometimes bursting with a loud explosion, sometimes

becoming quietly extinct, may nof unreasonably be presumed

to be bodies extraneous to our planet, which only become visi-

ble when in the act of grazing the conOnes of our atmosphere.

Among the laat mentioned meteors are some which can hardly

be supposed solid masses. The remarkable meteor ofAug. 1 8.

1783, traversed the whole of Europe, from Shetland to Rome,

with a velocity of about 30 miles per second, at a height of 50

miles from the' surface of the earth, with a light greatly surpass-

ing that of the full moon, and a real diameter of fully half a

mile. Yet with these vast dimensions, it made a sudden bend

in its course ; it changed its form visibly, and at length quietly

separated into several distinct bodies, accompanying each

other in parallel courses, and each followed by a tail or train.

(900.) There are circumstances in the history of shooting

etars, which very strongly corroborate the idea of their ex-

traneous or cosmical origin, and their circulation round the

sun in definite orbits. On several occasions they have been

observed to appear in unusual, and, indeed, astonishing num-

bers, so as to convey the idea of a shower of rockets, or of

snow-flakes falling, and brilliantly illuminating the whole

heavens for houis together, and that not in one locality, but

over whole continents and oceans, and even (in one instance)

in both hemispheres. Now it is extremely remarkable that,

whenever this great display has been exhibited (at least in

• Edinburgh Review, Jan. 1848, p. 195. It is very remarkable that no new

chemical eltment has been detected in any of the numerous inctcorolites which

have been sulijected to analysis.
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PEniODIC APPEAUANCE OP METEORS. 661

modern times), it has uniformly happened on tlie night be-
tween the 12th and 13th, or on that between the 13th and
14th of November. Such cases occurred in 1799, 1823,
1832, 1833, and 1834. On tracing back the records of
similar phasnomena, it has been ascertained, moreover, that
more often those identical nights, but sometimes those imme-
diately adjacent, have been, time out of mind, habitually
signalized by such exhibitions. Another annually recurrin"-

epoch, in which, though far less brilliant, the display o'f

meteors is more certain (for that of November is often inter-

rupted for a great many years), is that of the 10th of August,
on which night, and on the 9th and 11th, numerous, large,

and bright shooting stars, with trains, are almost sure to be
seen. Other epochs of periodic recurrence, less marked than
the above, have also been to a certain extent established.

(901.) It is impossible to attribute such a recurrence of
identical dates of very remarkable phajnomena to accident.

Annual periodicity, irrespective of geographical position,

refers us at once to the place occupied by the earth in its

annual orbit, and leads direct to the conclusion that at that

place the earth incurs a liability to frequent encounters or
concurrences with a stream of meteors in their progress of
circulation round the sun. Let us test this idea by pursuing
it into some of its consequences. In the first place then,

supposing the earth to plunge, in its yearly circuit, into a
uniform ring of innimierable small meteor-planets, of such
breadth as would be traversed by it in one or two days

;

since during this small time the motions, whether of the

earth or of each individual meteor, may be taken as uniform
and rectilinear, and those of all the latter (at the place and
time) parallel, or very nearly so, it will follow that the relative

motion of the meteors referred to the earth as at rest, will be
also uniform, rectilinear, and parallel. Viewed, therefore,

from the center of the earth (or from any point in its cir-

cumference, if we neglect the diurnal velocity as very small

compared with the annual) they will all appear to diverge
from a common point, ^ed in relation to the celestial sphere,

as if emanating from a sidereal apex (Art. 115.).

u u 3
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(902.) Now this is precisely what actually happens. The

meteors of the 12th—14th of November, or at least the

vast majority of them, describe apparently arcs of great

circles, passing through or near y Leonis. No matter what

the situation of that star with respect to the horizon or to its

cast and west points may be at the time of observation, the

paths of the meteors all appear to diverge from that star.

On the 9th—11th of August the geometrical fact is the

same, the apex only differing ; B Camelopafdalt being for

that epoch the point of divergence. As we need not suppose

the meteoric ring coincident in its plane with the ecliptic,

and as for a ring of meteors we may substitute an elliptic

annulus of any reasonable excentricity, so that both the

velocity and direction of each meteor may differ to any extent

from the earth's, there is nothing in the great and obvious

difference in latitude of these apices at all militating against

the conclusion.

(903.) If the meteors be uniformly distributed in such a

ring or elliptic annulus, the earth's encounter with them in

every revolution will be certain, if it occur once. But if the

ring be broken, if it be a succession of groupes revolving in

an ellipse in a period not identical with that of the earth,

years may pass without a rencontre ; and when such happen,

they may differ to any extent in their intensity of character,

according as richer, or poorer groupes have been encoun-

tered.

(904.) No other plausible explanation of these highly cha-

racteristic features (the annual periodicity, and divergence

from a common apex, always alike for each respective epoch)

has been even attempted, and accordingly the opinion is

generally gaining ground among astronomers that shooting

stare belong to their department of science, and great interest

is excited in their observation and the further development of

their laws. The most connected and systematic series of

observations of them, having for their object to trace out their

relative paths with respect to the earth, are those of Benzen-

berg and Brandes, who, by noting the instants and apparent

places of appearance and extinction, as well as the precise

'tifimitHfti
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apparent paths among the stars, of individual meteors, from

the extremities of a measured base line nearly 50,000 fcot

in length, were led to conclude that their heights at the

instant of their appearance and disappearance vary from

16 miles to 140, and their relative velocities from 18 to 36

miles per second, velocities so great as clearly to indicate an

independent planetary circulation round the sun. [A very

remarkable meteor or bolide, which appeared on the 19th

August, 1847, was observed at Dieppe and at Paris, with

sufficient precision to admit of calculation of the elements

of ita orbit in absolute space. This calculation haa been

performed by M. Petit, director of the observatory of Tou-
louse, and the following hyperbolic elements of its orbit round

the sun are stated by him (Astr. Nachr. 701.) as its result;

viz., Semimajor axis = — 0-3240083 ; excentricity=3-95130;

perihelion distance = 0"95626 ; inclination to piano of the

earth's equator, 18" 20' 18" ; ascending node on the same plane,

10° 34' 48"; motion direct. According to this calculation,

the body would have occupied no less than 37340 years in

travelling from the distance of the nearest fixed star sup-

posed to have a parallax of I"].

(905.) It is by no means inconceivable that the earth

approaching to such as differ but little from it in direction

and volocity, may have attached many of them to it as per-

manent satellites, and of these there mat/ be some so large,

and of such texture and solidity, as to shine by reflected

light, and become visible (such, at least, as are very near the

earth) for a brief moment, suffering extinction by plunging

into the earth's shadow; in other words, undergoing total

eclipse. Sir John Lubbock is of opinion that such is the

case, and has given geometrical formulas for calculating their

distances from observations of this nature.* The observations

of M. Petit would lead us to believe in the existence of at

least one such body, revolving round the earth, as a satellite,

in about 3 hours 20 minutes, and therefore at a distance equal

to 2 '5 13 radii of the earth from its center, or 5000 miles

above ita surface-f

• Phil. Mag., Lond. Ed. Dub. 1R4H, p. 80.

f Comptes lUindus, Oct. 12. 1846, and Aug. 9. 1847.

vv i
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A

(905 a.) In art. 400. the generation of heat by friction is

suggested as affording a possible explanation of the supply of
Bolar heat, without actual combustion. A very old doctrine,

advocated on grounds anything rather than reasonable or

even plausible by Bacon, but afterwanls worked into a cir-

cumstantial and elaborate theory by the elder Seguin, which
makes heat to consist in a continual, rapid, vibratory or

gyratory motion of the particles of bodies, has of late been
put forward into great prominence by Messrs. Joule and
Thomson. According to this theory motion once generated,
or however originating, is never destroyed, but continues to

subsist in the form of " vis viva " pmong the molecules of
bodies, even when by their impact or mutual obstruction

they appear to have been brought to rest.* The " vis viva
"

only takes another form, and is disseminated, as increased

vibratory or gyratory movement, among their molecules ; as

Buch it is heat, or light, or both, and is communicated to the

molecules of the luminiferous ether, and so distributed

throughout that ethei*, constituting the phsBnomena of radiant

light and heat. Granting a few postulates (not very easy of
conception, and still leas so of admission when conceived,)

this theory is not without its plausibility, and certainly does
(on its own conventions) give a consistent account of the pro-
duction of heat by friction and impact. It has been applied
by Messrs. Watherson and Thomson to explain the evolu-
tion of solar light and hea*, as follows. According to the
former, the meteorolites which, revolving in very excentric or
cometic orbits, arrive within the limit of the solar atmosphere
are precipitated on the sun's surface in such abundance, and
with such velocity, as to generate in the way above described
the totality of the emitted radiants. Prof. Thomson, imdis-
mayed as would appear by the perpetual battery thus kept
up on the sun's surface (on every square foot of which, on
Mr. Watberson's view of the subject, a weight of matter
equal to 6 lbs. would require to be delivered per hour with a
velocity of 390 miles per second, covering the whole surface

* On this point see a paper by the Author on the absorption of light, Lond.
and t,d. Phil. Mag. andjourn., 3rd series, vol, iji. No. 18, Dec. 1833.
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with stony or other solid material, to the depth of 12 feet per
annum, if of the density of granite,) prefers to consider the
nebula of iho zodiacal light in a vaporous state as conti-
nually subsiding into the sun, by gradual spiral approach,
until suddenly meeting with greatly increased resistance in

its atmosphere (as arriving in a state of more rapid revolu-
tion) by friction on the external envelope or photosphere of its

surface (art. 389.), produces there the heat and light actually

observed ; whereas the theory of Mr. Watherson would place

its origin on the solid surface itself, contrary to the observed
fact.* Our readers will judge for themselves what degree
of support the telescopic aspect of the sun's surfaco as de-
scribed in arts. 386.-395. affords to either of these explana-
tions.

* The quantity of matter annually required to be deposited on the sun,
whether in a pulverulent, liquid, or vaporuusi form, by Prof. Thomson's theory,
is nearly double of that called for by Mr, VVatherson's, viz., 24 feet of granite
per annum, i.e. a mile in 260 years ; so that the sun's apparent diameter would
be increasing at the rate of about 1" per 100,000 years on this hypothesis.

In the "Manuel de la Science, on Annuaire du Cosmos" for 1859, by the
Abh6 Moigno (a work of high interest, and, generally speaking, of groat impar*
tiality in the discussion of claims to scientific priority), pp. 85, 6, 7, 2"" pa,lie,
this article is so translated (probably for want of a perfect nppretiation of the
force of the expressions used in it) as to convey an unqualified adhesion to the
theory in i|uestion and to M. Segain's doctrine, lliis, however (especially the
latter, as btated at length in Pw. I. pp. 224. el seg. ), 1 ain very far from pre-
pared to give :—and the English reader will, I presume, consider the terma
employed quite sufficiently guarded, even as respects the general principle ; to
say nothing of the specialties of M. Seguin's theory.—[iVo<e added, 1859.]

/

J. ..
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ion of light, Lond.
Dec. 1833.
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OF TUS ACCOUNT OF TIME.

CHAPTER XVIII.

NATURAL UNIT8 OF TIME. — BELAHON OF THE 8IDEREAL TO TUB
80I.AR DAY AFFECTED BY I'RECE8H )N.— INCOMMENSOTlABlLITy

OF THE DAY AND YEAR. — ITS 1 nCONVENIENCE. — HOW OB-

VIATED. THE JULIAN CALENDAR. — IRREQULARITIES AT ITS

FUIST INTRODUCTION.— lUCFORUED BY AUGUSTUS.— OREQORIAN
REFORUATION. — 80LAK AND LUNAR CYCLEB. INDICTIO.r.

.T MAN PERIOD.— TABLE OF CIIRONOLOOICAL ERAS.— 'I'lLKS

FOR CALCULATING THE DAYS ELAPSED BETWEEN GIVEN DATES.

— EQUINOCTIAL TIME.— FIXATION OF ANCIENT DATt« BY

ECLU>B£8.

(906). Time, like distance, may bo measured by comparison

with standards of any length, and all that is requisite for

ascertaining correctly the length of any interval, is to bo

able to apply the standard to the interval throughout its

whole extent, without overlapping on the one hand, or

leaving unmeasured vacancies on tho oJi.r; to determine,

without <he possible error of a unit, the number of integer

standards which the interval admits of being interposed

between its beginning and end; and to estimate precisely

the fraction, over and above an integer, which remains when
all the possible integers are subtracted.

(907). But though all standard units of time are equally

possible, theoretically speaking, yet all are not, practically,

equally convenient. The solar day is a natural interval

which the wants and occupations of man in every state of

society force upon him, and compel him to adopt as his

fundamental unit of time. Its length as estimated from the

departure of the sun from a given meridian, and its next

v-eturn to the same, is subject, it is true, to an annual fluctua-

tion in excess and defect of its mean value, amounting nt its
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annual fluctua-

mounting at its

maximum to full half a minute. But except for astronomical

purjioses, this is too small a change to interfere in the slight-

est degree with itti use, or to attract any attention, and tho

tacit substitution of its mean for its true (or variable) value

may be considered as having been made from the earliest

ages, by the ignorance of mankind that any such fluctuation

existed.

(908). Tho time occupied by one complete rotation of the

earth on its axis, or tho mean * sidereal day, may ')0 shewn,

on dynamical principles, to bo subject to no variation from

any cxtermil cause, and although its duration would be

shortened by contraction in the dimensions of tlic globe itself,

such as might arise from the gradual escape of its internal

heat, and consequent refrigeration and shrinking of tho

whole mass, yet theory, on thr - ne hand, has rendered it

almost certain that this cause cannot have effected any per-

ceptible amount of change during the history of tho human

race ; and, on the other, tho comparison of ancient and modern

observations affords every corroboration to this conclusion.

From such comparisons, Laplace has concluded that the

sidereal day has not changed by so much as one hundredth of a

second since the time of Hipparchus. The mean sidereal day

therefore possesses in perfection tho essential quality of a

standard unit, that of complete invariability. The same is

true of the mean sidereal year, if estimated upon an average

sufficiently large to compensate the minute fluctuations arising

from the periodical variations of the major axis of the earth's

orbit due to planetary perturbation (Art. 668.).

(909.) The mean solar day is an immediate derivative of

the sidereal day and year, being connected with them by

the same relation which determines the synodic from tho

sidereal revolutions of any two planets or other revolving

bodies (Art. 418.). The exact determination of the ratio of

the sidereal to the solar day, which is a point of the utmost

importance in astronomy, is however, in some degrete, com-

plicated by the effect of precession, which renders it necessary

* The true cidereal day is variable by the effect of nutation ; but the vart-

•tion (an excessively minute fraction of the whole) compensates itself in a re*

volution of the moon's nodes.
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to distinguish between the absolute time of tlio Cftrth'n

rotation on its axis, (the real natural and invariable standard
of con,puri8on,)and the mean interval between two succesnivo
returns of a given star to the same meridian, or rather of a
given n.eridian to the same star, which not only dirt'ers by n
minute quantity from the sidereal day, but is actually not
the 6amo for all stars. As this is a point to which a little

difficulty of conception is apt to attach, it will bo neces-
sary to explain it in some detail. Suppose then tr the
lH)le of the ecliptic, and P that of the equinoctial, A C the
solstitial coluro at any given moment of time, and I* p q r
the email circle described by P about w in one revolution
of the equinoxes, i. e. in 25870 years, or 9448300 solar
days, all projected on the plane of the ecliptic A B C I).

Let S be a star jaiywherc situated on the ecliptic, or between
it and the small circle V q r. Then if the pole P were at

rest, a meridian of the earth setting out from P S C, and
revolving in the direction C D, will come again to the star

ftfter the exact Inpso of one sidereal djiy, or one rotation of
the earth on its axis. But P is not at rest After the lapse
of one such day it will have come into the situation (suppose)

p, the vernal equinox B having retreated to b, and the
colure P C having taken up the new position p c. Now a
conical movement impressed on tlie axis of rotation of a
globe already rotating is equivalent to a rotation impressed

HII Ml iMMHHIHI
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to that which the globe boa and retains round its own indc-

pciidcut axis ot" r<!volution. Such a new rotation, in trans-

ferring P to p, being perfonnod round an axis passing

through », will 'ot alter tho situation of that point of tho

globe which had n in its zenith. Hence it follows that pirc

passing thiougb ir will bo tho position taken up by tho

meridian P ir (J after tho lapse of an exact sidereal day. But

this does not pass through S, but falls short of it by tho

hour-angle » p S, which is yet to bo described before tho

meridiiin cornea up to tho star. Tho meridian, then, has li^t

so much on, or logged so much behind, tho star in tho laiMSO

of that interval. The same is true whatever bo tho arc V p.

After tho lapse of any number of days, tho pole being

transferred to p, tho spherical angle tt /> S will measure tho

lotnl hour angle which tho meridian has lost on tho star.

Now when S lies any where between C and r, this angle

continually increases (though not unifomdy), attaining 180"

when p comes to r, and still (as will appear by following out

the movement beyond r) increasing thence till it attains 360°

when p has completed its circuit. Thus in a whole revolution

of tho equinoxes, the meridian will have lest one exact

revolution upon the star, or in 9448300 sidereal daya, will

have re-attained tho star only 9448299 times: in other

words, tho length of the day measured by tho mean of the

anccessivo arrivals of any star outside of the circle V pqr on

one and tho same meridian is to the absolute time of rotation

of tho earth on its axis as 9448300 : 9448299, or as

1-00000011 to 1.

(910.) It is otherwise of a star situated unthin this circle,

1X8 at (T. For such a star the angle up «r, expressing the

lagging of the meridian, increases to a maximum for some

situation of /? between q and r, and decreases again to o at r

;

after which it takes an opposite direction, and the meridian

begins to get in advance of tho star, and continues to get

more and more so, till p has attained some point between

8 and P, where tho advance is a maximum, and thence

decreases again to o when p has completed its circuit. For

aSUP' •ftiiWifiirtfiiffftTMB
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any star so situated, then, the mean of all the days so

estimated through a whole period of the equinoxes is an
absolute sidereal day, as if precession had no existence.

(911.) If we compare the sun with a star situated in the

ecliptic, the sidereal year is the mean of all the intervals of
its arrival at that star throughout indefinite ages, or (without
fear of sensible error) throughout recorded history. Now, if

we would calculate the synodic sidereal revolution of the sun
and of a meridian of the earth Jy reference to a star so situated,

according to the principles of Art. 418., we must proceed as

follows: Let D be the length of the mean solar day (or

synodic day in question) d the mean sidereal revolution of
the meridian with reference to the same star, and y the sidereal

year. Then the arcs described by the sun and the meridian

m the interval D will be respectively 360° — and 360° -v

.

y d
And since the latter of these exceeds the former by precisely

360°, we have

360'

whence it follows that

D

D D
^=360°- +360°;

•^ = 1 + 5=1-00273780,
« y

taking the value of the sidereal year y as given in Art. 383,
viz. 365"> 6" 9"> 9-6'. But, as we have seen, d is not the ab-
solute sidereal day, but exceeds it in the ratio 1 '00000011 : 1.

Hence to get the value of the mean solar day, as expressed in

absolute sidereal days, the number above set down must be
increased in the same ratio, which brings It to 1*00273791,

which is the ratio of the solar .to the sidereal day actually

in use among astronomers.

(912). It would be well for chronology if mankind would,
or could have contented themselves with this one invariable,

natural, and convenient standard in their reckoning of time.

The ancient Egyptians did so, and by their adoption of an
historical and official year of 365 days have afforded the only

example of a practical chronology, free from all obscurity or

complication. But the return of the seasons, on which

-ss^esse^sBsss^HMSMMBBSs^ 1
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easons, on which

depend all the more important arrangements and business of

cultivated life is not conformable to such a multiple of the

diurnal unit. Their return is regulated by the tropical year,

or the interval between two successive arrivals of the sun at

the vernal equinox, which, as we have seen (Art. 383.), differs

from the sidereal year by reason of the motion of the equinoctial

points. Now this motion is not absolutely uniform, because the

ecliptic, upon which it is estimated, is gradually, though very

slowly, changing its situation in space under the disturbing

influence of the planets (Art. 640.). And thus arises a vari-

ation in the tropical year, which is dependent on the place of

the equinox (Art. 383.). The tropical year is actually about

4'21» shorter than it was in the time of Hipparchus. This

absence of the most essential requisite for a standard, viz.

invariability, renders it necessary, since we caL. A help

employing the tropical year in our reckoning of time, to

adopt an arbitrary or artificial value for it, so near the truth,

OS not to admit of the accumulation of its error for several

centuries producing any practical mischief, and thus satisfying

the ordinary wants of civil life ; while, for scientific purposes,

the tropical year, so adopted, is considered only as the repre-

sentative of a certain number of integer days and a fraction

—

the day being, in effect, the only standard employed. The
case is nearly analngous to the reckoning of value by guineas

and shillings, an artificial relation of the two coins being fixed

by law, near to, but scarcely ever exactly coincident with,

the natural one, determined by the relative market price

of gold and silver, of which either the one or the other—
whichever is really the most invariable, or the most in use

with other nations,—may be assumed as the true theoretical

standard of value.

(913). The other inconvenience of the tropical year as a

greater unit is its incommensurability with the lesser. In

our measure of space all our subdivisions are into aliquot

parts : a yard is three feet, a mile eight furlongs, &c But a

year is no exact number of days, nor an integer number with

any exact fraction, as one third or one fourth, over and above;

but the surplus is an incommensurable fraction, composed of
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hours, minutes, seconds, &c., which produces the same kind

of inconvenience in the reckoning of time that it would do

in that of money, if we had gold coins of the value of twenty-

one shillings, with odd pence and farthings, and a fraction of

a farthing over. For this, however, there is no remedy but

to keep a strict register of the surplus fractions ; and, when
they amount to a whole day, cast them over into the integer

account.

(914.) To do this in the simplest and most convenient

manner is the object of a well-adjusted calendar. In the

Gregox'ian calendar, which we follow, it is accomplished with

considerable simplicity and neatness, by carrying a little

farther than is done above, the principle of an assumed

or artificial year, and adopting two such years, both con-

sisting of an exact integer number of days, viz. one of

365 and the other of 366, and laying down a simple and

easily remembered.rule for the order in which these years

shall succeed each other in the civil reckoning of time, so

that during the lapse of at least some thousands of years the

sum of the integer artificial, or Gregorian, years elapsed

shall not differ from the same number of real tropical years

by a whole day. By this contrivance, the equinoxes and
solstices will always fall on days similarly situated, and
bearing the same name in each Gregorian year; and the

seasons will for ever correspond to the same months, instead

of running the round of the whole year, as they must do

upon any other system of reckoning, and used, in fact, to do

before this was adopted as a matter of ignorant haphazard in

the Greek and Boman chronology, and of strictly defined

and superstitiously rigorous observance in the Egyptian.

(915.) The Gregorian rule is as follows :— The years are

denominated as years current (not as years elapsed) from the

midnight between the 31st of December and the 1st of
January immediately subsequent to the birth of Christ, accord-

ing to the chronological determination of that event by Diony-
sius Exiguus. Every year whose number is not divisible by
4 without remainder, consists of 365 days ; every year which
is so divisible, but is not divisible oy 100, of 366 ; every year

--
'•'iitti i' ii i

'
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divisible by 100, but not by 400, again of 365; and every

year divisible by 400, again of 366. For example, the year

1833, not being divisible by 4, consists of 365 days; 1836 of

366; 1800 and 1900 of 365 each; but 2000 of 366. In
order to see how near this rule will bring us to the truth,

let us see what number of days 10000 Gregorian ycirs will

contain, beginning with the year a.d. 1. Now, in 10000, the

numbers not divisible by 4 will be | of 10000 or 7500 ; those

divisible by 100, but not by 400, will in like manner be |
of 100, or 75 ; so that, in the 10000 years in question, 7575
consist of 366, and the remaining 2425 of 365, producing in

all 3652425 days, which would give for an average of each

year, one with another, 365''*2425. The actual value of the

tropical year, (art. 383.) reduced into a decimal fraction, is

365*24224, so the error in the Gregorian rule on 10000 of

the present trojucal years, is 2*6, or 2"* 14*' 24™ ; that is to

say, less than a day in 3000 years ; which is more than suf-

ficient for all human purposes, those of the astronomer ex-

cepted, who is in no danger of being led into error from

this cause. Even this error is avoided by extending the

wording of the Gregorian rule one step farther than its

contrivers probably thought it worth while to go, and
declaring that years divisible by 4000 should consist of 365

days. This would take off two integer days from the above

calculated number, and 2*5 from a larger average ; making
the sum of days in 100000 Gregorian years, 36524225,

which differs only by a single day from 100000 real tropical

years, such as they exist at present.*

(916.) In the historical datingofevents there isno year a.d. 0.

The yearimmediately previous to a.d, 1, is always called B.C. I.

This must always be borne in mind in reckoning chronological

and astronomical intervals. The sum of the nominal years B.C.

andA.D.must be diminished by 1. Thus, from Jan. 1. B.c.4713,

to Jan. 1. A.D. 1582, the years elapsed are not 6295, but 6294.

(917.) As any distance along a high road might, though in

a rather inconvenient and roundabout way, be expreescd

without introducing error by setting up a series of mUestones,

• Sec note ( A ) at the end of the chapter.

X X
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at intervals of unequal lengths, so that every fourth mile, for

instance, should be a yard longer than the rest, or according

to any other fixed rule ; taking care only to mark the stonce

80 as to leave room for no mistake, and to advertise all

travellers of the difference of lengths and their order of suc-

cession ; so may any interval of time be expressed correctly by

stating in what Gregorian years it begins and ends, and where-

abouts in each. For this statement coupled with the decla-

ratory rule, enables us to say how many integer years are to

be reckoned at 365, and how many at 366 days. The latter

years are called bissextiles, or leap-years, and the surplus days

thus thrown into the reckoning are called intercalary or leap-

days.

(918.) If the Gregorian rule, as above stated, had always

and in all countries been known and followed, nothing would

be easier than to reckon the number of days elapsed between

the present time, and any historical recorded event. But this

is not the case ; and the history of the calendar, with refer-

ence to chronology, or to the calculation of ancient obser-

vations, may be compared to that of a clock, going regularly

when left to itsel*; but someti-nes forgotten to be wound up ;

and when wound, sometimes set forward, sometimes biick-

ward, either to serve particular purposes and private interests,

or to rectify blunders in setting. Such, at least, appears to

have been the case with the Roman calendar, in which our own

originates, from the time of Numa to that of Julius Cajsar,

when the lunar year of 13 months, or 355 days, was augmented

at pleasure to correspond to the solar, by which the seasons are

determined, by the arbitrary intercalations of the priests, and

the usurpations of the decemvirs and other magistrates, till

the confusion became inextricable- To Julius Caesar, assisted

by Sosigenes, an eminent Alexandrian astronomer and

mathematician, we owe the neat contrivance of the^ two years

of 365 and 366 days, and the insertion of one bissextile after

three common years. This important change took place in

the 45th year before Christ, which he ordered to commence

on the Ist of January, being the Jay of the new moon imme-

diately folloioing the winter solstice of the year before. We :nay

•'."^SSSSJI aMbig'«»"
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judge of the state into which the reckoning of time had fallen,

by the fact, that to introduce the new eystem it was neces-

sary to enact that the previous year, 46 B. c, should consist

of 445 days, a circumstance which obtained for it the epithet

of " the year of confusion."

(919.) Had Cajsar lived to carry out into practical effect,

as Clxief Pontiff, Jiis own reformation, an inconvenience

would have been avoided, which at the very outset threw

the whole matter jnto confusion. The words of his edict,

establishing the Julia, system have not been handed down
to us, but it is probable that they contained some expression

equivalent to " every fourth year," which the priests misin-

terpreting after his death to mean (according to the sacerdotal

system of numeration) as counting the leap year newly elapsed

as No. 1. of thefour, intercalated every third instead of every

4th year. Tliis erroneous practice continued during 36 years,

in which therefore 12 instead of 9 days were intercalated,

and an error of three days produced; to rectify which,

Augustus ordered the suspension of all intercalation during

three complete quadriennia,— thus restoring, as may be pre-

sumed his intention to have been, the Julian dates for the

future, and re-establishing the Julian system, which was
never afterwards vitiated by any error, till the epoch when
its own inheient defects gave occa.sion to the Gregorian

reformation. According to the Augustan reform the years

A.u.c, 761, 765, 769, &c., which we now call a.d. 8, 12,

16, &c., are leap yeai's. And starting from this as a certain

fact, (for the statements of the transaction by classical authors

are not so precise as to leave absolutely no doubt as to the

previous intermediate years,) astronomers and chronologists

have agreed to reckon backwards in unbroken succession on
this principle and thus to carrj' the Julian chronology into

past time, as if it had never suffered such inteiTuption, and
as if it were certain* that Coesar, by way of securing the

intercalation as a matter of precedent, made his initial year

* Scaliger, Ideler, and the beft authorities consider it probiihlc. A slronf;:, if

not decisive, argument in its favour, is that Augustus evidently intending to rein-

itate the Julian idea, and with a clear view of the recent inconveniences present
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45 n.C. a Icnp year. Whenever, therefore, in the relation of

any event, either in ancient history, or in modern, previous

to the change of style, the time is specified in our modern

nomenclature, it is always to be understood as having been

identified with the assigned date by threading the mazes (often

very tangled and obscure ones) of special and national chro-

nology, and referring the day of its occurrence to its place in

the Julian system so interpreted.

(920.) Different nations in different ago« of the world have

of course reckoned their time in different ways, and from

different epochs, and it is therefore a matter of great con-

venience that astronomers and chronologists (as they have

agreed on the uniform adoption of the Julian system of years

and months) should also agree on an epoch antecedent to

them all, to which., as to a fixed point in time, the whole list

of chronological eras can be differentially referred. Such an

epoch is the noon of the 1st of January, B.C. 4713, which is

called the epcnh of the Julian period, a cycle of 7980 Julian

years, to understand the origin of which, we must explain

that of three subordinate cycles, from whose combination it

takes its rise, by the multiplication together of the numbers

of years severally contained in them, viz :~ the Solar and

Lunar cycles, and that of the indictions.

(921.) The Solar cycle consists of 28 Julian years, after

the lapse of which the same days of the week on the Julian

system would always return to the same days of each month

throughout the year. For four such years consisting of 1461

days, which is not a multiple of 7, it is evident that the least

number of years which will fulfil this condition must be

seven times that interval, or 28 years. The place in this

cycle for any year a.d., as 1849, is found by adding 9 to the

year, and dividing by 28. The remainder is the number

sought, being counted as 28.

to his mind, d-.d actually direct the future intercalations to take place in <xW years

vc S. ch th«n, no doubt, must have been C«sar's intention. For the correc

^n of Uoman dates during the fifty-two years between the Julian ami Augus.

tarreiohrwtlons. see Ideler, " Uandbuch der Mathematischen und lechn.schen

Chronologie," wliich we take for our guicje throughout this chapter.
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(922.) The Lunar cycle consists of 19 years or 235 luna-

tions, which differ from 19 Julian years of 365;^ days only

by about an hour and a half, so that, suj)posing the new

moon to happen on the first of January, in the first year of

the cycle, it will happen on that day (or within a very short

time of its beginning or ending) again after a lapse of 19

years, and almost certainly on that day, and within an hour

and a half of the same hour of the day, after the lapse of four

such cycles, or 76 years; and all the new moons in the

interval will run on the same days of the month as in the

preceding cycle. This period of 19 years is sometimes

called the Metonic cycle, from its discoverer Meton, an Athe-

nian mathematician, a discovery duly appretiated by his

countrymen, as ensuring the correspondence between the

lunar and solar years, the former of which was followed by

the Greeks. Public honours were decreed to him for this

discovery, a circumstance very expressive of the annoyance

which a lunar year of necessity inflicts on a civilized people,

to whom a regular and simple calendar is one of the first

necessities of life. The cycle of 76 years, a great improve-

ment on the Metonic cycle, was first proposed by Callippus,

and is therefore called the Callippic cycle. To find the place

of a given year in the lunar cycle, (or as it is called the

Golden Number,) add 1 to the number of the year A. c, and

divide by 19, the remainder (or 19 if exactly divisible,) is

the Golden Number.

(923.) The cycle of the indictions is a period of 15 years

used in the courts of law and in the fiscal organization of

the Roman empire, under Constantino and his successors,

and thence introduced into legal dates, as the Golden Num-
ber, serving to determine Easter, was into ecclesiastical ones.

To find the place of a year in the indiction cycle, add 3 and

divide by 15. The remainder (or 15 if remain) is the

number of the indictional year.

(924.") If we multiply together the numbers 28, 19, and

15, we get 7980, and, therefore, a period or cycle of 7980

years will bring round the years of the three cycles again in

the same order, so that each year shall hold the same place in

SX 3
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all the three cycles aa the coiTcsponding year in the foregoing

period. As none of the three numbers in question have any

common factor, it is evident that no two years in the same

compound period can agree in all the three particulars: so

that to specify the numbers of a year in each of these cycles

is, in fact, to specify the year, if within that long period;

which embraces the entire of authentic chronology. The

period thus arising of 7980 Julian years, is called the Julian

period, and it has been found so useful, that the most com-

petent authorities have not hesitated to declare that, through

its employment, light and order were first intrtMluced into

chronology.* We owe its invention or revival to Joseph

Scaliger,°who is said to have received it from the Greeks of

Constantinople. The first year of the current Julian period,

or that of which the number in each of the three subordinate

cycles is 1, was the year 4713 B.C., and the noon of the

Ist of January of that yecv, for the meridian of Alexandria,

is the chronological epoch, to which all historical eras are

most retulily and intelligibly referred, by computing the

number of integer days intervening between that epoch and

the noon (for Alexandria) of the day, which is reckoned to

be the first of the particular era in question. The meridian

of Alexandria is chosen as that to which Ptolemy refers the

commencement of the era of Nabonassar, the basis of all his

calculations.

(925.) Given the year of the Julian period, those of the

subordinate cycles are easily determined as above. Con-

versely, given the years of the solar and lunar cycles, and of

the indiction, to determine the year of the Julian period

proceed as follows :— Multiply the number of the year in

the solar cycle by 4845, in the lunar by 4200, and in the

Cycle of the Indictions by 6916, divide the sum of the pro-

ducts by 7980, and the remainder is the year of the Julian

period sought.

(926.) The following table contains these intervals for

Bome of the more important historical eras:—

» Ideler, Handbuoh, &c. vol. L p. 77.

J
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Intervals in Days between the Commencement of the Julian

Period, and that of some other remarkable chronological

and astronomical Eras.*

Flr>l Day Chroiuilnglcal Current Yenr
Niiinn by which the Em li uiualljr cited. current of DekJgnntloii ol lltH Julian

litlprvfti.

ttie Ers. of tlie Year. Period.

Julian Epochi. Julian Datti.
Jiilinn period - . . , Jon. 1. 8.C. 4713 1

Creation of the world (UkIht) (Jan. J.) •1004 710 258,963
Em of the Deluge (Aboullinssnii Fib, 18. 13102 1612 588,466

Kiischinr)

Ditto Vulgar Computation (Jan. 1.) 2348 2366 863,817
Era of Abraham (Sir H. Nicolas) - Oct, I. 2015 2699 985,718
Destruction of Troy, (ditto) July 12. 1184 3530 1,289,160
Dedication of Solomon's Temple - (May I.) 1015 3699 1,350,815
Olympiads (mean epoch in general

use;

Building of Rome ( Varronian epoch,
If. c.

)

Era of Nabonassar . .

July 1. 776 3938 1,438,171

April 22. 753 3961 1.446,502

Feb. 26. 747 3967 1,448,638
Eclipse of Tliales May 28. 585 4129 1 ,5(y7,!tOO

Eclipse of Larissa ... Mav I!). 557 4157 1,518,<I8
iMetunic cycle (Astronomical epoch) July 15. 432 4282 1,563.831
Callippic cycle Do. ( Biot) June 28. :;30 4384 1,599,608
Philippic era, or craof I'bilip Arida>us Nov. 12. .'i2J 4390 1 ,603,398
Era of the Seleucidae ... Oct, 1. :;12 4402 1.607,739
Eclipse of Agathocles ... Aug. 15. 310 4404 1,608,422
Cesarean era of Antioch Sept. 1. lO 4665 1,703,770
.Tulian reformation of the Calendar Jan. 1. 45 4669 1,704,987
Spanish era . - - . . Jan. 1. 38 4676 1,707,544
Actian era in Rome ... Jan, I. 30 4684 1,710,466
Actian era of Alexandria Aug. 29. 30 4684 1,710,706
Vulgar or Diunysian era Jan. I. A.D. 1 4714 1,721,424
Era of Diocletian ... Aug. 29. 284 4997 1,825,0,30

Hejira (astronomical epoch, new July 15. «:22 5335 1 ,948,439
moon)

Era of Yczdegird.... June 16, 632 5345 1,952,063
Eclipse of Sticklastad ... Aug. 31. 1030 5743 2,093,155
Gelalsan era (Sir H. Nicolas) March 14. 1079 5792 2,115,285
Last day of Old Style (Catholic Oft. 4, 1582 629i^ 2,299,160

nations)

Last day of Old Style in England . Sept. 2. 1752 6465 2,361,221

Gregorian Epocht.
Gregorian

Dales.

New Style in Catholic nations Oct. 15. 1582 6295 2,299,161
Ditto in England . Sept. 14, 1752 6465 2,.361,222

Commencement of the 1 9th century. Jan. 1. 1801 6514 2,378,862
Epoch of Bode's catalogue of stars

Epoch of the catalogue of stars of Jan, 1, 1830 6543 2,389,454
the R. Astronomical Society

Epoch of the catalogue of the British Jan. 1. 1850 6563 2,396,759
Association

• Sec note (C) at the end of this chapter.
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(927.) The determination of the oxact interval between

any two given dates, is a matter of such imiwrtance, and,

unless methodically performed, is so very liable to error, that

the following ndos will not be found out of place. In the

first place it must be remarked, generally, that a date,

whether of a day or year, always expresses the day or year

current and not elapsed, and that the designation of a year

by A. D. or B. c. is to be regarded as the name of that year,

and not as a mere number uninterruptedly desiynating the

place of the year in the scale of time. Thus, in the date,

Jan. 6. B.O. 1, Jan. 5 does not mean that 5 days of Ja-

nuary in the year in question have elapsed, bi't that 4

have elapsed, and the 5th is current. And the B.C. 1, in-

dicates that the^rst day of the year so named, (the first year

current before Christ,) preceded the first day of the vulgar

era by one year. The scale of A.D. and B.C., as already ob-

served, is not continuous, the year in both being wanting ;

so that (supposing the vulgar reckoning correct) our Saviour

was born in the year B.C. 1.

(928.) Tofind the year cicrrent of the Julian period, (j. P.)

corresponding to any given year current B.C. or A.D. If B.C.,

subtract the number of the year from 4714 : if A. D., add its

number to 4713. For examples, see the foregoing table.

(929.) To find the day current of the Julian period cor-

responding to any given date. Old Style. Convert the year B. c.

or A. D. into the corresponding year J. p. as above. Subtract

1 and divide the number so diminished by 4, and call Q the

integer quotient, and R the remainder. Then will Q bo

the number of entire quadriennia of 1461 days each, and R
the residual years, the fir'* "f which is always a leap-year.

Convert Q into days by the help of the first of the amiexed

tables, and R by the second, und the sum will be the interval

between the Julian epoch, and the commencement, Jan. 1.

of the year. Then find the days intervening between the

beginning of Jan. 1., and that of the date-day by the third

table, using the column for a leap-year, where R= 0, and

that for a common year when R is 1, 2, or 3. Add the days

80 found to those in Q + R, and the sum will be the days
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T<(i.i I. Mulllpln nr NAI, th« dayi In *
Julian Umuirlennium,

H8I
'293'2

4:185

.!fl44

7a05
876fi

10227
Ufi88
13149

TikILK 1. Daya In
H«aldiuil jmr:

1 3GB .

2 7;n

3 1096

Ta*i.c 3.— Dayi elapwil from Jan. 1. to tho lit of each Month.

In a rommon In a leap In a rommon In a le.in

Yoar. Year. Year. i-car.

Jan. 1. July 1. 181 182

Fob. 1. - .11 31 Aug. 1. - 212 213
March 1. - 59 60 Sept. 1. 243 244
April 1. - 90 91 Oct. 1. 273 274
May 1. 120 121 Nov. 1. - S04 305
June I. ISl 152 Dec. 1. - 334 335

Example.— Wliat is tho current day of the Julian periwl

corresponding to the last day of Old Style in England, on

Sept. 2., A.D. 1752.

1758 1000 1,461,000

4713 i)00 876.600

«4G5 year current.

1

10
6

R-0

14,610
8,766

4)fi'164 years elapsed. Jan. 1. to Sept. 1. 244

= 16161 Sept. 1. to Sept. S. 1

3,361,221 days elapsed.

Current day the 2,361,222''.

(930.) To find the same for any given date, Now Style.

Proceed as above, considering tho date as a Julian date, and

disregarding the change of style. Then from tho resulting

days, subtract as follows :
—

For any date of New Style, antecedent to March I. a. d. 1700 • 10 days.

After Feb. 28. 1700 and before March 1. a,d. 1800 - - - 11 days.

„ 1800 » „ 1900- - . 12 days.

„ 1900 „ „ 2100- - - 13days,&o.

(931.) Tofind the interval between any two dates, whether

of Old or New Style, or one of one, and one of the other. Find

saasav



682 OUTLINES OF ASTKONOMY.

the day current of the Jnliiin pcr'uul corresponding to eiutli

dute, and their dift'crcncc is the interval required. If the

dates contain hours, minutes, and Hccondn, they nuist bo

annexed to their renpectivc days current, and the subtraction

performed m usual.

(932.) The Julian rule made every fourth year, without

exception, a bissextile. This is, in fact, an over-correction

;

it snpposcs the length of the tropical year to bo .'JG^i'S

which i8 too great, and thereby induces an error of 7 days in

OOO years, aa will easily appear on trial. Accordingly, so

early aa the year 1414, it began to be perceived that the

enuinoxes were gradually creeping away from the 2 let of

March and September, where they ought to have always

fallen had the Julian year been exact, and happening (aa it

appeared) too early. The necessity of a fresh and elFectual

reform in the calendar was from that time continually urged,

and at length admitted. The change (which took place

under the popedom of Gregory XIII.) consiatcd in the

omission of ten* nominal days after the 4th of October, 1582,

(so that the next day was called the l/>th, and not the 5th,)

and the promulgation of the rule already explained for future

regulation. The change was adopted immediately in all

catholic countries ; but more slowly in protcstant. In England,

"the change of style," as it was called, took place after the

2d of September, 1752, eleven nominal days being then

struck out ; so that, the last day of Old Style being the 2d,

the first of New Style (the next day) was called the 14th,

instead of the 3d. The same legislative enactment which

established the Gregorian year in England -n 1752, shortened

the preceding year, 1751, by a full tmarter. Previous to

that time, the year was held to begin with the 25th March,

and the yea A.D. 1751 tl.d so accordingly but that year

was not ^i orcd to run out, but v .is supj ed on the 1st

January by the year 1752, which (as well as every subse-

quent year) it waa enacted should commence on that day, so

that our English year 1751 was in eiFect an " annus confu-

sionis," and consisted of only 282 days. Russia is now the

* See note (B) at the end of this chapter.
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only country in Europe in which tho Old Stylo is still ad-

hered to, and (another secular y^ar having elapsed) the <Utt'er-

cnco between tho European and Russian dates amounts, at

present, to 12 days.

(933.) It is fortunate for astronomy that tho confusion of

dates, and the irreconcilable contradictions which historical

statements too often exhibit, when confronted with the best

knowledge wo possess of the ancient reckonings of time,

affect recorded observations but little. An astronomical

observation, of any striking and well-marked phoDnomenon,

carries with it, in most cases, abundant means of recovering

ite exact date, when any tolerable approximation is af-

forded to it by chronological records; and, so far from

being abjectly dependent on the obscure and often contra-

dictory dates, which the comparison of ancient authoritiea

indicates, ia often itself tho surest and most convincing

evidence on which a chronological epoch can be brought to

rest. Remarkable eclipses, for instance, now that the lunar

theory is thoroughly understood, can be calculated back for

several thousands of yeara, without the possibility of mis-

taking tho day of their occurrence. And, whenever any

such eclipse is so interwoven with the account given by an

ancient author of some historical event, as to indicate pre-

cisely the interval of time between the eclipse and the event,

and at the same time completely to identify the eclipse, that

date is recoverpd and fixt J for ever. Tnis haa been done in

the cases of four remarkable total eclipses of the sun,

(the dates of vhich are accordingly entered aa epochs in

the table of Chronological Eras, art 926), which have given

rise (at least one of them) to much disc mon and diversity of

opinion among astronomers, but which have at length been

definitively settled by Mr. Airy on the occasion of the recent

publication of Prof. Hansen's Lunar Tables, the accuracy of

which is such aa justify the most entire reliancf on the results

of such calculations grounded upon them.

(933 a.) The solar eclipse designated as that .1 Thales "

is the celebrated one which ia stated by Herodotus to have

been predicted by that philosopher, and to have caused the

I'S^Mmsmi
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suspension of a battle between the Medes and Lydians, fol-

lowed by a treaty of peace. Only a total eclipse, as Mr.

Baily had clearly shown, could have so attracted the atten-

tion of the combatants ; and in a very remarkable memoir on

the subject (Phil. Trans. 1811) that eminent astronomer

was led, by the use of the best tables then in existence, to

identify this eclipse with the total one of Sept. 30th, B.C. 610,

which, according to those tables, must have passed over the

mouth of the river Halys (where it had all along been assumed,

though without any positive grounds for the assumption, the

battle was fought). The same conclusion having been ar-

rived at by M. Oltmanns, the point was supposed to be

settled. Prof. Hansen's tables, however, throw the path of

the shadow in this eclipse altogether out of Asia Mino.-, and

even north of the sea of Azof. On the other hand the eclipse

of B.C. 585, which was also total, passed, according to those

tables, over Issus, a locality satisfying all the circumstantial

and general military conditions of the narrative even better

than the Halys, and at this spot there can now be little or no

doubt the Lattle was really fought.

(933 ft.) The total eclipse of the sun which was witnessed

by the fleet of Agathocles in his escape from Syracuse, block-

aded by the Carthaginians, on the second day of his voyage

to Cape Bon, had been considered by Mr. Baily in the memoir

above cited, and found to be incompatible (according to the

then existing tables) with the year B.C. 310, supposing the

former eclipse to have been rightly identified. This having now

been shown not to be the case, it is all the more satisfactory

to find that, under very reasonable and natural suppositions

respecting Agathocles' voyage, the total eclipse which did

undoubtedly pass on the date assigned very near the southern

corner of Sicily might have env^oped his fleet, and that no

other eclipse by possibility could have done so.

(933 c.) The " eclipse of Larissa " is related by Xenophon

to have caused the capture of the j^ siatic city of that name,

by producing a panic terror in its Median defenders, of which

the Persian besiegers took advantage. The site of Larissa

has been satisfactorily identified by Mr. Layard with NiM-

U
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KOUT>, and a pyramid of stone close to it (the city being of

burnt brick on a substructure of stone) is expressly men-

tioned by Xenophon, the remains of which still exist ; as well

as those of a neighbouring castle near Mespila (Mosul) built

of shelly stone, (also expressly mentioned as such by the Greek

historian). According to Hansen's tables the total eclipse

of Aug. 15th, B.C. 310, passed centrally over Nimroud, and,

—

the total shadow being in this instance a very small one, not

exceeding some 25 miles in diameter,—we are thus presented

with a datum, in those remote times, having all the precision

of a most careful modern observation, not only for establish-

ing a chronological epoch, but for aiFording a point of refe-

rence in the history of the moon's motion. The eclipse of

Sticklastad is of no historical importance.*

(934.) The days thus parcelled out into years, the next

step to a perfect knowledge of time is to secure the identifi-

cation of each day, by imposing on it a name universally

known and employed. Since, however, the days of a whole

year are too numerous to admit of loading the memory with

distinct names for each, all nations have felt the necessity of

breaking them down into parcels of a more moderate extent

;

giving names to each of these parcels, and particularizing the

days in each by numbers, or by some especial indication.

The lunar month has been resorted to in many instances

;

and some nations have, in fact, preferred a lunar to a solar

chronology altogether, as the Turks and Jews continue to do

to this day, making the year consist of 12 lunar months, or

354 days. Uur own division into twelve unequal months is

entirely arbitrary, and often productive of confusion, owing

to the equivoque between the lunar and calendar month.!

The intercalary day naturally attaches itself to February as

the shortest month.

• The solar eclipse in tlie first year of the Peloponnesian War, which was total

at Athens, "some stars hecoming visible," according to Tliucydides, deserves to

be recomputed. See Heis. He supposes the eclipse not total, and the " stars " to

have been planets.

t
" A month in law is a lunar month or twenty-eight days, (I I see Art.

418.) " unless otherwise expressed."— Blackitone, ii. chap. 9. : "a lease for twelve

months is only for forty-eight weeks," Ibid.; yet the same eminent authority

(Introfl. §.3.) informs us that "the law is the perfection of reason," and that

" what is not reason i» not law."
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(935.) Astronomical time reckons from the noon of the

current day ; civil from the preceding midnight, so that the

two dates coincide only during the earlier half of the astrono-

mical and the latter of the civil day. This is an inconvenience

which might be remedied by shifting the astronomical epoch to

coincidence with the civil. There is, however, another incon-

venience, and a very serious one, to which both are liable,

inherent in the nature of the day itself, which is a local phseno-

menon, and commences at different instants of absolute time,

under different meridians, whether we reckon from noon,

midnight, sunrise, or sunset. In consequence, all astronomical

observations require in addition to their date, to render them

comparable with each other, the longitude of the place of

observation from some meridian, commonly respected by all

astronomers. For geographical longitudes, the Isle of

Ferroe has been chosen by some as a common meridian,

indifferent (and on that very account offensive) to all nations.

Were astronomers to follow such an example, they would

probably fix upon Alexandria, as that to which Ptolemy's ob-

servations and computations were reduced, and as claiming

on that account the respect of all while offending the national

egotism of none. But even this will not meet the whole

difficulty. It Avill still remain doubtful, on a meridian 180°

remote from that of Alexandria, what day is intended by any

given date. Do what we will, when it is Monday the Ist of

January, 1849, in one part of the world, it will be Sunday

the 31st of December, 1848, in another, so long as time is

reckoned by local hours. This equivoque, and the necessity

of Epecifying the geographical locality as an element of the

date, can only be got over by a reckoning of time which

refers itself to some event, real or imaginary, common to

all the globe. Such an event is the passage of the sun

through the vernal equinox, or rather the passage of an

imaginary sun, supposed to move with perfect equality,

through a vernal equinox supposed free from the inequalities

of nutation, and receding upon the ecliptic with perfect uni-

formity. The actual equinox is variable, not only by tho



J!-QU1N0CTIAL TIME. 687

the noon of the

light, 80 that the

alf of the astrono-

I an inconvenience

onomical epoch to

'er, another incon-

h both are liable,

1 is a local phaeno-

} of absolute time,

sckon from noon,

c, all astronomical

;e, to render them

e of the place of

y respected by all

des, the Isle of

ommon meridian,

ive) to all nations,

nple, they would

lich Ptolemy's ob-

l, and as claiming

nding the national

b meet the whole

1 a meridian 180°

8 intended by any

Monday the 1st of

it will be Sunday

long as time is

,
and the necessity

m element of the

ng of time which

nary, common to

ssage of the sun

he passage of an

perfect equality,

m the inequalities

5 with perfect uni-

> not only by the

effect of nutation, but by that of the inequality of precession

resulting from the change in the plane of the ecliptic due to

planetary perturbation. Both variations are, however, pe-

riodical, the one, in the short period of 19 years, the other,

in a period of enormous length, hitherto uncalculated, and

whose maximum of fluctuation is also unknown. This would

appear, at first sight, tO render impracticable the attempt to

obtain from the sun's motion any rigorously uniform measure

of time. A little consideration, however, will satisfy us that

such is not the case. The solar tables, by which the apparent

place of the sun in the heavens is represented with almost

absolute precision from the earliest ages to the present time,

are constructed upon the supposition that a certain angle,

which is called " the sun's mean longitude,'' (and which is

in effect the sum of the mean sidereal motion of the sun, plus

the mean sidereal motion of the equinox in the opposite

direction', as near as it can be obtained from the accumulated

obf f ' i'/ms of twenty-five centuries,) increases with rigorous

ur.-'ix !,. liy as time advances. The conversion of this mean

longitude into time at the rate of 360° to the mean tropical

year, (such as the tables assume it,) will therefore give us

both the unit of time, and the uniform measure of its lapse,

which we seek. It will also furnish us with an epoch, not

indeed marked by any real event, but not on that account

the less positively fixed, being connected, through the medium

of the tables, with every single observation of the sun on

which they have been constructed and with which compared.

(936.) Such is the simplest abstract conception of equi-

noctial time. It is the mean longitude of the sun of some

one approved set of solar tables, converted into time at the

rate of 360° to the tropical year. Its unit is the mean

tropical year which those tables assume, and no other, and its

epoch is the mean vernal equinox of these tables for the

current year, or the instant when the mean longitude of the

tables is rigorously 0, according to the assumed mean motion

of the sun and equinox, the assumed epoch of mean longitude,

and the assumed equinoctial point on which the tables have

been computed, and no other. To give complete effect to
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this idea, it only remains to specify the particular taWe3

fixed upon for the purpose, which ought to be of great and

admitted excellence, since, once decided on, the very essence

of the conception is that no subsequent alteration in any respect

should be made, even when the continualprogress of astronomical

sciencp shall have shown any one or all of the elements concerned

to be in some minute degree erroneous (as necessarily they

must), and shall have even ascertained the corrections they

require (to be themselves again corrected, when another step

in refinement shall have been made).

(937.) Delambre'a solar tables (in 1828) when this mode

of reckoning time was first introduced*, appeared entitled to

this distinction. According to these tables, the sun's mean

longitude wa3 0°, or the mean vernal equinox occurred, in the

year 1828, on the 22d of March at P 12"" 59"-05 mean time

at Greenwich, and therefore at l'^ 12'" 20»-6o mean time at

Paris, or I'' 56" 34»55 mean time at Berlin, at whicli instant,

therefore, the equinoctial time was C* 0'» CP 0»-00, being the

commencement of the 1828th year current of equinoctial

time, if we choose to date from the mean tabular equinox,

nearest to the vulgar era, or of the 654l8t year of the Julian

period, if we prefer that of the first year of that period.

(938.) Equinoctial time then dates from the mean vernal

equinox of Delambre'a solar tables, and its unit is the mean

tropical year of these tables (365''-242264). Hence, having

the fractional part of a day expressing the difference between

the mean local time at any place (suppose Greenwich) on

any one day between two consecutive mean vernal equinoxes,

that difference will be the same for every other day in the

same interval. Thus, between the mean equinoxes of 1828

and 1829, the difference between equinoctial and Greenwich

time is 0*-956261 or 0« 22" 57"^ 0-95, which expresses the

equinoctial day, hour, minute, and second, corresponding to

mean noon at Greenwich on March 23, 1828, and for the

noons of the 24th, 25th, &c., we have only to substitute Id,

2d, &c. for 0"*, retaining the same decimals of a day, or the

same hours, minutes, &c., up to and including March 22,

• On the instance of tli« autlior of these pages.

I
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1829. Between Greenwich noon of the 22d and 23d of

March, 1829, the 1828th equinoctial year terminates, and
the 1829th commences. Tiiis happens at 0'''286003, or at
gh r^\m 5o»'66 Greenwich mean time, after which hour, and
until the next noon, the Greenwich hour added to equinoctial

time 364'"-956261 will amount to more than 365242264, a

comi)lete year, which has therefore to be subtracted to get

the equinoctial date in the next year, corresponding to the

Greenwich time. ' For example, at 12'' 0" 0' Greenwich
mean time, or 0''"500000, the equinoctial time will bo

364-9562610-f500000= 365-456261, which being greater

than 365*242264, shows that the equinoctial year current has

changed, and the latter number being subtracted, we get

0"*'213977 for the equinoctial time of the 1829th year current

corresponding to March 22, 12'' Greenwich mean time.

(939.) Having, therefore, the fractional part of a day

for any one year expressing the equinoctial hour, &c., at the

mean noon of any given place, that for succeeding years will

be had by subtracting 0'**242264, and its multiples, from such

fractional part (increased if necessary by unity), and for pre-

ceding years by adding then Thus, having found 0-198525

for the fractional part for 1827, we find for the fractional

parts for succeeding years up to 1853 as follows* : —

•1I098I
•868717

•626453
•.'584189

•141925
•899661

• These nui.ibers differ from those in the Nautical Almanack, and would
require to be substituted for them, to carry out the idea of equinoctini time as

above laid down. In the years 1898 — 1833, the late eminent editor of that

work used an equinox slightly differing Tron: that of Delanibre, which accounts

for the difference in those years. In 1834, it would appear that a deviation

both from the principle of the text nnd from the previous practice of that ephe>
meris took place, in deriving the fraction for 1834 from that for 1833, which has

been ever since perpetuated. It consisted in rejecting the mean longitude of
DelaiMbre's tables, and adopting Bessel's correction of that element. The effect

of this alteration was to insert 3"" 3"68 of purely imaginari/ time, between the

end of the equinoctial year 1833 and the hegirning of 1834, or, in other words,

to make the interval between the noons of March 'J2 ond 23, 1834, SI"" 3" 3**68,

when reckoned by equinoctial time. ?n 1835, and in all subsequent years, a
further departure from the principle of the text took place by substituting Bessel's

y Y

1828 •956261 1835 •26041

3

1842 •564565 1848
1839 •713997 1836 •018149 1843 •322301 1849
1830 •471733 18,37 •775885 1H44 •080037 1850
J 83) •229469 1838 •533621 1845 •837773 1851

18.32 •987205 1839 •291.357 1846 •595509 1852
1833 •744941 1840 •049093 1847 •353245 1853
1834 •502677 1841 806829
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K

tropical year of 3C5-2422175 for Dclambre's. Tlius tlie whole sulycct ftll into

confusion. Under the present eminent superintendent of the Nautical Alma-

nack a compromise lias been effected— a fixed equinoctial year of 3(>5242216

mean solar days has been adopted (and it is to be hoped will henceforward ho

adhered to), and corrections stated by which the data in the Almanacks for )K28

1834 may be brought into consistency with those in alter years. According

to this arrnneemcnt the fractional parts in question for 1823— 1856 will run as
to this arrnngi

follows

1828
1829
1830
1831
1832
1833
1834
1835

•95832

1

1836
•716105 1837
•473889 1838
•231673 1839

•989457 1840
•747241 1841
•505025 1842
•262809

•020593 1843

•778377 1844

•536161 1845

•293945 1H46

•051729 1847

•809513 1848
•567297 1849

•325081 1850
•082865 1851

840649 1852

•S98433 1853
•356217 1854
•114001 1855

871785 1856

•629569
•387353
•145137
•902921

•660705
•418489
•176273

[iV<rf« (A) on Art. (916.)

A rule proposed by Omar, a Persian astronomer of the court of Gelalediiin

Melek Schah, in a.d. 1079, (or more than five centuries before the reformation of

Gregory) deserves notice. It consists in interpolating a day, as in the Julian

system, every fourth year, only postponing to the 33d year the intercalation

which on tha system would be made in the 32d. This is equivalent to omitting

the Julian intercalation altogether in each 128th year (retaining all the others).

To produce an accumulated error of a day on this system would require a lapse

of 5000 years, so that the Persian astronomer's rule is not only far more simple,

but materially more exact than the Gregorian.]

{Note (B) on Table, Art. (926.)

The civil epochs of the Metoniu cycle, and the Hejira, are each one day

later than the astronomical, the latter being the epochs of the absolute now

moons, the former those of the earliest possible visibility of the lunar crescent

in a tropical sky. M. Biot has shown that the solstice and new moon not

only coincided on the day here set down as the commencement of the Callippiu

cycle, but that, by a happy coincidence, a bare possibility ^"isted of seeing the

crescent moon at Athens within thatday, reckonedfrom midnight to midnight.'}

INote (_C) on Art. (932.)

The reformation of Gregory was, after all, incomplete. Instead of 10 days

he ought to have omitted 12. The interval from Jan. 1, a. d. 1, to Jan. 1, a. n.

1582, reckoned as Julian years, is 577460 days, and as tropical, 577448, with

an error not exceeding 0*^01, the diflference being 12 days, whose omission

would have completely restored the Julian epoch. But Gregory assumed for

his fixed point of dep-irturc, not that epoch, but one later by 324 years, viz.

Jan. 1, A.D. 325, the voar of the Council of Nice; assuming which, the dif-

ference of the two reckonings is 9'' -SOS, or, to the nearest whole number, 10

days.]
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APPENDIX. 693

11. Synoptic Table of the Elements of the
Planetaky System.

N.n.— a denotes the mean distance from the sun, thiit of the earth being
taken for unity ;

1' the mean sidereal period in mean solar days ; « the eccen-
tricity in decimal parts of the siMni-axis ; i the inclinntiun of the orbit (o Iho
ecliptic; a the longitude of the ascending node ; v that of the perihelion ; L
the mean longitude of the planet at the moment of the epoch E, for which
the elements arc stated ; M the denominator of the fraction expressing the mass
of the planet, that of the sun being 1; D the diameter in miles; A tho
density, that of the earth being I ; T the time of rotation on its axis, in sidereal
hours ; rf the mean angular etjuatorial diameter of the body of the planet, at
its mean distnnue from the earth, in seconds ; « the ellipticity of the spheroid, as a
fraction of the equatorial diameter; 7 the inclination of the axis of rotation tu
the plane of the ecliptic ; U the mean intensity of light and heat received from
the sun, that received by tho earth being 1, The asteroids arc numbered in
their order of discovery.

o

6

I

2

3

4

5

C
7

8

9
10
11

12

13
14

15

16

17

18

19
20
21

22
23
24
25
26
27
28
29
30
31

32

33

Tlio Sun
Mercury -

Venus
Esrth
Mars
Ceres

Pallas

Jnno
Vesta

Astraa
Ilebe

Iris

Flora

Metis
Hygeia
Parthenope
Victoria

Egeria
Irene

Eunomia -

Psyche
Thetis

Melpomene
Fortuna
Massilia

Lutetia

Calliope

Thalia

Themis
Phocea
Proserpina -

Euterpe
Bellona

Amphitrite
Urania
Euphrosyne
Pomona -

Polyhymnia

0-3R709R1

0-7233316
1-00(XX)00

1-5230923
2-7671 120
2-7703890
2-6686796
2-3613405
2-5777718
2-4260617
2 3812400
2-2013860
2-3864005
3-1593600
2-4525900
2-3344916

2-5762794
2-5875348
2-6430842
2-9228660
2-4726140
2-2956321
2-2413279
2-4090583
2-43 43003
2-9094987
2-6280278
3-1435907
2-4010639
2-6555649
2-3464554
2-7750890
2-5542518
2-3637922
3-1561600
2-5830794
2-8646120

87-9692580
224-7007869
365 -256361

2

686-9796458
1681-371

1684 258
1592-363
1325-366
1511-696
1380-227

1 347 076
1193-004
1346-488
2051-145
l402-9;iS

1302-756
1510-383
1520-292
1569-510
1825-205

1420144
1270-430
1393-272
1304-;)97

1387-314
1812-699
1556-118
2035-807
1358-949

1 580-640
1312-853
1688-550
1491 053
1324-376

2048-OSO
1516-367
1770-912

0-2056163
0-0068613
0-0167922
0-0932168

00798539
0-2393672

0-256I755
0-0902038
01 862906
0-2013944
0-2307546
0-1567040
0-1238522
0-0984962
0-0988870
0-2178214
0-0873755
01 6805 74
0-1878466
0-1346338
0-1265394
0-2174420
0-1579393
0-1436802
0-1622043
0-1019601
0-2314366
0-1165263
0-2525329
0-OH73697
0- 1 729606
0-1540816
0-0726130
0-1259758
0-2160123
0-0817246

0-3376790

23

1 51
10 36
34 42
13 3

7 8

5 19
14 46
5 27

53
36
46
36

8 23
16 32
9 ~6

11 43
3 1.

5
10
1

3

35
8

32
41

5
13 45
10 13

48
35
35
35

9 22
6 7

2 5
26 25

29
56

9-1

28-5

6-2

309
29-8
9-8

9-1

8-1

24-5
56-4

8
0-3

50-5

57-6

1-5

23-6

30-5

39-8
7-6

25-8

58 6
33-7

9-7

21 -I

28-4
18-1

57-7

53-6

39 4
31-5

32 8
52-3

57-4

12-4

140
48-0
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a P • i

1 II

;m Circe 2-CH453')'' 1 606 575 01119305 5 36 55-5

uri Lcucothca 297:l«900 187301

H

0-2165035 fl 15 17-7

36 AtalaiUa • a-749H')00 1665-596 0-2981714 18 42 9-1

37 I'iiU'« V-(Man 70 1568 671 0-1748930 3 7 10-5

.18 Li'da 2-7.196845 1656-1(0 0-l.:55763 6 58 31 H

30 I.ictitia 2-769.1870 1683 118 0-1110748 10 20 50 7

40 Uarinonia 2-2fi7IS0O 1 246 h4C 0-0460846 4 15 48-4

41 l)n[iline • 2-4003 1 358 -334 0-20248 15 48 23

4'i I sis 2-4338885 1386-914 0-2229198 8 34 39 6

4;i Ariadno - 2-19904 1191-108 0-1575O B 88 —
44 Nyu . 267687 1599-700 0-45339 3 53
4.1 Kugcnia - 2-69685 1617-641 0-O91 23 6 35 ^^
4fi Ilcstla - 2-45(.("» 1406-614 0-12260 2 IH —
47 Agluia - 2-88951 1793-933 0-14019 5 6 _..

48 Doris 3-10687 2000 ^20 0-07711 6 30 ^_
49 Pales 3-086U 1980 255 0-23766 3 8 _
50 Virgiiiia - 2-67290 1596140 0-28904 2 52 _
£1 NcniQiisa ?

5'J J'^urojia

J* Jupiter - 5-2027760 4332-5848212 0-0481621 1 18 51-3

f? Saturn - 9-5387861 10759-2198174 0-0561505 2 29 35-7

W Uranus - 19-1823900 30686-8208296 0-0466108 46 28-4

'i'
Neptune - 30-03626U0 60126-170 0-0087192 1 46 59

Stnoptio TablB OF Elements {continued).

O

a
f

or L £

o / II / II / II d

9 45 57 30-9 74 21 46-9 166 48-6 1801. Jan. 1-0, G.

i 74 54 12 9 128 43 53-1 11 33 3-0 Do
^ . . 99 30 5-0 100 39 10-2 Do ,

i 48 •^ 8-5 332 23 JJ-f 64 22 55-5 Do .

I 80 48 57-5 149 25 51-4 29& 31 26-2 1858. June, 10-0, G.

2 172 38 32-7 122 7 38-4 224 2(7 25-5 1858. May, 29-0, G.

3 170 58 22-0 54 55-8 104 2 bl-l 1858. Jan. 29-0, G.

4 103 21 10-3 250 35 29-4 218 26 M 1858. Apr. 23-0, O.

5 141 26 15-7 135 5 40-3 159 43 26-6 1859. Mar. 1-0, G.

6 138 35 29-0 15 7 48-8 242 1 33-1 1858, May, 8 0, B.

7 259 44 39-0 41 23 12-3 200 41 2-0 1857. Apr. 19 0, a
8 HO 17 48-6 32 54 28-3 68 48 31-9 1848. Jan, 1-0, B.

9 68 31 5-9 71 5 47-2 72 54 6-.T 1857. Dec. 5-5, B.

10 287 17 3-5 230 42 54-1 25 49 27-8 1857. Oct. 13 0, G.
11 125 4 26-9 316 10 57-5 283 57 32-2 1858. June, 27-0, B.

12 235 33 34-9 301 56 36-0 312 33 52-4 1857. Aug. 2-0, G.

13 43 18 27-1 119 35 3-1 259 47 22-8 1857. June, 15-0, B.

14 86 51 16-1 I7U 30 31-4 89 30 12-9 18.13. Dec. 25-0, B.

15 293 56 14-3 27 27 S5-5 131 45 1-9 1858. Jan. 29-0, G.
16 150 32 48-5 12 40 34-3 51 35 24-8 1855. Nov. 26-0, B.

17 125 26 29-6 259 33 21-6 342 20 9-0 1857. Sept. 7-0, G.
IB 150 4 30-7 15 9 58-0 167 39 20-9 1858. Mar. 6-0, G.

19 211 25 0-2 30 23 30-5 149 16 50-5 1858, Mar. 6-0, G,



• {

/ II

10905 5 36 55-5

').';035 B i.-; I7'7

11714 18 42 91
48930 3 7 10'5

1 57fi3 6 58 MIH
10748 10 20 50 7

J084fi 4 15 4H-4

248 15 48 23 ()

^9198 8 34 39 6

750 3 28 —
339 3 53 —
l'J3 (5 35 —
260 2 18 —
319 5 C —
711 6 30 _
7fi6 3 8 —
J04 8 52 _

81621 1 18 51 3

SI 505 2 29 35 7

56 108 O 46 28-4

87 192 1 46 59

ntinued).

£

d

1801. Jan.

Do
Do
Dc

10, 0.

1858. June, 100, G.
1858. May, 29-0, G.
1858. Jan. 29 0, G.
1858. Apr. 23-0, O.

1859. Mar. 10, G.

1858. May, 8 0, B.

1857. Apr. 19 0, H.

1848. Jan. 10, U.

1857. Dec. 5-5, B.

1857. Oct. 13 0, G.

1858. June, 27 -0, B.

1857. Aug. 2-0, G.

1857. June, 15'0, B.
18,'!3. Dec. 25 0, B.

1858. Jan. 29-0, G.
1855. Nov. 26 0, B.

1857. Sept. 7-0, G.
1858. Mar. 6-0, G.

1858. Mar. 6-0, 0.

APPENDIX. 69a

a « L £

o / II / II ( II «

80 206 96 23-9 98 16 29-7 54 45 59-6 1856. Nov. 40, n.
81 80 29 37*0 336 31 44-8 153 14 24-5 1«57. Doc. 24-0, G.
23 66 36 21 -8 56 34 131 224 46 26-6 1 860. Jnn. 0, B.
23 67 37 4'9 183 51 19-4 133 10 27-3 1857. Oct. 18-0, G.
21 36 7 87 9 138 54 29'

1

110 19 140 1857. Dec. 24 -0, G.
25 814 4 546 302 46 90 294 46 13-5 18 57. July, 10-0, B.
26 45 54 19-7 255 3 43-2 295 26 25-9 18.58. Aug. 3 0. it.

27 93 43 531 87 29 25-3 126 41 17-7 1858. I"el>. 100, H.
28 114 43 14-7 122 IH 36-6 159 1 57-3 1854. Mar. 0, B.
29 356 26 33-7 56 29 5-0 IHO 1 12-6 1858. Mnr. 27-0. B.
30 308 12 59-2 31 15 290 241 5 321 1857. May, 15 0, B.
31 31 25 23-0 93 51 6-6 53 49 SO'3 1855. Jan. 0(), B.
32 220 49 37-6 195 42 33-5 271 53 14-9 1857. June, 270, G.
33 9 14 30-4 340 41 55-8 23 5 48-3 1855. Jan. OO, B.

34 184 49 141 147 53 32-

1

193 1 14-7 185.5. Apr. 9-7. ' .

35 356 24 .37 9 198 17 0-2 197 49 30-5 1 855. Mav, 0, B.

36 359 9 29-5 42 23 47-8 36 21 7-1 1856. Jan. OO, B.

37 8 9 37-4 66 4 28-2 48 35 5-9 1856. J»n. 0, G.
38 296 27 47-3 100 40 28-4 112 .>5 7 2 1856. Jan 0, B.
39 157 19 309 1 58 57-6 H6 44 19-6 1856. Jan. 1-0, B.
40 93 32 2-8 2 1 50-8 123 13 9-0 1856. Jan. 10, B.
41 180 S 50-8 230 21 .S9'8 202 28 48-5 1856 June, 0-5, B.

42 84 27 49-7 317 57 48-4 276 45 19 1856. July, 10, B.
43 264 45 — 277 11 — 232 37 1857. May, 18 5, B.
44 127 6 — 118 48 187 29 1857. June, 15-.5, B.

45 148 20 — 208 17 — 252 36 1857. July, 8-5, B.
46 181 32 — 344 57 — 319 43 — 1857. Aug. lC-5, B.
47 4 25 — 306 1 — 349 55 ..» 1857. Oct. 60, B.
48 185 14 — 77 12 .^ 359 4 1857. Nov. 0-0, B.
49 290 27 —

.

32 49 10 29 _ 1857. Nov. 0, B.
50
51

173 52 —

-

6 13 — 13 43 — 1850. Oct. 21 4, B.

52
98 26 18-9 i: 8 34-6 112 15 23-0 1801. Jan. 1-0, G.

h 111 56 38'4 39 9 29-8 135 20 6-5 Do.

W 72 59 35-3 167 31 16-1 177 48 23-0 Do.

^} 130 U 52-5 47 19 38-5 348 21 5-0 1856. Jan. lO, B.

Synoptio Table OF Elements {continued).

—
M D d A T 7 H

€

It h m • 3 ' //

O 1 888(X '0 1 923-64 0-25 607 48 — 82 40 — 45940

9 4865751 3183 6-89 1-14 21 5 — . 6-674

A 401839 8108 17-55 0-84 23 21 — . 1-91 1

* 359551 7925-64a • . 100 24 66 32 6 1-000 298

rT 2680837 4546 6-46 0-72 24 37 — 59 41 49 0-431 62

% 1047-871 90734 37-91 024 9 55 27 8« 54 30 0-036 16-84

h 3501 -600 76791 17-50 0-H 10 29 17 61 49 — 0-011

W 20470 35307 3-91 0-20 . . 0-003

"^ 18780 ? 39793 ? 2-88 0-15 • - 0-001
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Namks of D18COVEUEK8 AND Dates op Discovery
or TUK ASTEKOIDS.

Ceri-i Piniii Jan. 1, IHOl.

VMm Others Mar. 'J8, IHoa.

Juno Harding Sept. 1, 1804.

Vesta Ollwrs Mar. -29, 1H07.

Astraca liencko Dec. H, 18-1.5.

llvbo Ileiieke July 1, 1847.

Iris Hind Aug. 1.1, 1847.

Flora Hind Oct. 18, 1847.

Metis ? (iraham Apr. •iS, 18^8.

HygcU Oaiparis Apr. 12, 1849.

I'artlienopu Ciasparia May 11, 1850.

Violoriii Hind Sept. 13, 1850.

Kguritt 7 Cia*ipiiris Nov. 2, 1850.

Irene
rHind
|_ Ous))aris

May 19, 1851.

May 23, IS.'il.

Kunotn'm Cjasparis July 29, 1851.

Psycho Giispuris Mar. 17, 1852.

'Ihetis Luther Apr, 17, 18.52.

Melpomene Hind June 24, 1852.

Fortuna Hind Aug. 22, 1852.

Mauilia
r Gasparis

|_ Cliacomac
.Sept. 19, 1832.

Sept. 20, 1 852.

Lutelia Goldschmidt Nov. 1.5, 1852.

Calliope Hind Nov. 16, 18.52.

Thalia Hind Dec. 15, 1852.

Themis ? Gasparis Apr. 5, 1 85H.

Phocea Chacornoc Apr. 6, 1 853.

Proserpina Luther May 5, 1853.

Euterpe Hind Nov. 8, 1853.

Uelloiia Luther Mar. I, 1854.

'Mnrth Mar. 1, 1854.

Amphitrito • I'ogson Mar. 1, 1SS4.

Chacornao Mar. 2, 1 854.

Urania Hind July 22, 1854.

Euplirosynu Ferguson Sept. 1, 1854.

Pomona Goldschmidt Out. 26, 1854.

Polyhymnia Chacornao Oct. 28, 1854.

Circe Chacornao Apr. 6, 1855.

Leucothca Luther Apr. 19, 1355.

Atalanta Goldschmidt Oct 5. 1855.

Fides Luther Oct 5, 1 855.

I^eda Chncornac Jan. 12, 1856.

Lietitia ? Cliacomac Feb. 8, 1856.

Ilarmonia Goldschmidt Mar. 1, 1856.

Daphne Goldschmidt May 22, 1856.

Isis? Pogson May 23, 1856.

Ariadne Pogson Apr. 15, 1857.

Nysa Goldschmidt May 27, 1857.

Eugenia ? Goldschmidt June 28, 1857.

Hestia ? Pogson Aug. 16, 1857.

Aglaia Luther Sept. 15, 1857.

Doris Goldschmidt Sept. 19, 1857.

Pales? Goldschmidt Sept. 19, 1857.

Virginia
f Ferguson

\ Luther
Oct. 4, 1857.

Oct. 19. 1857.

Nemansa ? Laurent - Jan. 22, 1 858.

Fairora Goldschmidt Feb. 4, 1858.
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n. I, IROI.

ar. as, 1 HOa.

pt. I, 1R04.

«r. 'J9, 1H07.

BC. 8, 1H45.

ily I, 1847.

ug. 13, IH-n.

ct. 18, 1847.

pr. SJ, 1H48.

pr. 12, 1849.

ay 11, 1850.

pt. la, IHSO.

uv. 2, 1850,

ay 19, 1851,

ny 'JS, IH.M.

ily 29, 1851.

ar. 17, 1852.

pr 17, 1852.

inc 24, 1 852.

ug. 22, 1 852.

pt. 19, 1852.

pt. SO, 1852.

ov. 15, 1852.

uv. 16, 1852.

ec. 15, 1852.

pr. 5, 1853.

pr. 6, 1853.

ay 5, 1853.

uv. 8, 1853.

ar. 1, 1854.

ar. 1, 1854.

ar. 1, 1S54.

ar. 2, 1 854.

ily 22, 1854.

pt. I, 1854.

Bt 26, 1854.

ct. 28, 1854.

pr. 6, 1855.

pr. 19, 1355.

ct 5, 1855.

ct 5, 1855.

n. 12, 1856.

>b. 8, 1856.

ar. 1, 1856.

ay 82, 1856.

ay 23, 1856.

pr. 15. 1857.

ay 27, 1857.

ino 28, 1857.

ug. 16, 1857.

pt. 15, 1857.

pt. 19, 1857.

pt. 19, 1857.

ct. 4, 1857.
let. 19, 1857.

111. 22, 1 858.

eb. 4. 1858.

AITENDIX. 697

Solt,—T\\e element! i flht orhiti of Mercury, Vi'niiii.tlio Enrtli, IS(ar«, Jtipitfrf

Saturn, hiicI Uranus, arv lliono ifivcn l>y tliu lulu V. lliiily, Km],, in hi* " Afilrn-

lioiiiical ThIiIi'!! uiiiI Formuin'," hiiiI art' tliu itamu willi llumu wliicli rorin tliu

ba»ls of Di'latiihrv'n tnhiv^ cinlM)clying the forinul.i) of Laplace. 'I'ho element*
of Urnnus anil Neptiino can only be rcgnrilvil in proviiiionni ; thome of the former
rtti|uii'lng considerable correction*, ncce»iilatcil by the discovery of Ni'ptune, but
which, nut Iwiiig yet Anally aacertiiineil, by reason of the uncertainty *ttll at-

tending on the niuM and eli'ineiit* of the laltrr planet, it was thoU)<ht better to

leave the old elements untouched than to give an imperfect rectiflcatton of them.
Those of Neptune are Prof. Scars Walker's, as stated in Hcrl. Kphem. 1858,

p. 408. The masses of the planets are those most recently adoplitl by I'.ticke

(Ast. Nachr. No. 443.), on mature considerauon of all the aiithorilios, that of
Neptune excepted, which is I'rof. I'ierce's determination fi-iim KoniCs and
Lasscll's obscrvHtiiin of the satellite discovered hy the latter. The dens, ties are
calculated from the values adopted for M, 1), tind K.

Theelementsofthe Asteroids, No*. 1— 42, with exception of Flofa and Daphne,
•re those used in the S iplement to the Nautical Almaii<w for 1H61. Those of the
two last named Astern .i .ire Itriinnow's and I'ape's, given in the Hcrl. Kphem. for

I860. The elements >f No*. 4.3, 44, 45, 46, are those of Pape and Fiirster, aa
stated in /.it. 8oc. Notices, vol xvii.t of Noi. 47, 48, 49, !>0, those given
respectively by Bruhns, I'owalii!' y, and Kncke, in Astron. Naehr., Nos, 1117,
1115, 1115, 1127. The element ' S«7nan<>a (if it be really to retain so un-
couth a name), and of No. 53, \

Eugenia ( -15.) are very uncert n,

The elements of the recen y-i'ijcoveied

corrections from further obscr' Uii . , 'Pit
at one point (their common ik. 'i) . {hi ? f> i

Many of the names of the Astcrc' in /...iptar

confusion Is very likely to arise i

Lututia and Liclitia, Ttictis a<id

.1 come to our knowledge. Those of

nail planets may undergo material
as of Aslra<a and ilyguia approach
< of the radius of the earth's orbit,

us very unhappily chosi'n. Thii*.

'.-u'.'ig or speaking, between Iris and Isi«.

.iH, Thetis and Tlienii*, Vesta and liestia.

Ilygeia and Efreria, Egeria and Ktigcnia, I'nilas and I'lil-^. Is it too much to
hopo that the discoverers of the interfering rn"ipbers of these pairs will recon-
sider their names? Il is not yet too late: tliei'e is yet a Muso or two lefl

i the
Nymphs, Dryads, Oceanido;, &c., »n<ird an intinitu choice of classic names,
graceful and cuplionoiis. Metis is known to few as a mythological name, I'alcs

to fewer as that of a female divinity, Nemansa to none as the name of anybody
(the ancient name of Nistnes wut Ncmansu*).

III.

Stnoptic Table of the Elements op the Oubits
OF THE Satellites, so far as they are known.*

1. Tme Moon.
Mean distance flrom earth . • . .

Mean sidereal revolution . . . •

Mean synodicul ditto ....
Eicentricity of orbit ....
Mean revolution of nodes ....
Mean revolution of apogee - ...
Mean longitude of node at epoch ...
Mean longitude of perigee at ditto . . -

Mean inclination of orbit ....
Mean longitude of moon at epoch - . .

Mass, that of earth being 1

,

Diameter in miles.....
Density, that of the cartli being 1, -

* The distances arc expressed in equatorial radii of
epoch is Jan. I. 1801, iiiiiesq otherwise expressed. The
pressed in mean solar days.

6O"2734330O
27''-;t2166MI8
29'>-5305-8715

0-054!, 1070
- 6793">'39108U
- 3232'>-575343

- 13° 5.3' n'-i
- 266 10 7 -5

5 8 39 -96

- 113 17 8-3
0011364
21646
O J56

the primaries. The
periods, &c., are cx-

tS^^i,
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INDEX.

N.B. The ruferences are to thn artJclei, not to the pages,

. . . attachpd to a reference number indlcatea that the reference extendi to the rticle cited, and
levcral aubaequcut in aucceiaion.

ABgnsATiorr of light explained, 329.

Its uranographical effects, 333. Of
an object in motion, 335. How dis-

tinguished from parallax, 805. Sys-
tcmiitic, 862.

Aboul WefU, 705.

Acceleration, secular, of moon's mean
motion, 740.

Adams, 506. 767.

Adjustment, errors of, in instruments,

lo6. Of particular instruments. (See

those instruments.)

jEtna, portion of earth visible from, 32.

Height of, 32. note.

Agat/iocles, eclipse of, 933, 6., and
Table of Eras, art. 926.

Air, rarefaction of, 33. Law of den-
pity, 37. Refractive power affected

by moisture, 41.

Airy, G. B., Esq., his results respecting

figure of the earth, 220. liesearchcs

on perturbations of the earth by
\enus, 726. Rectification of the mass
of Jupiter, 757.

Alhatcgnius, 430.

Algol, 821.

Altitude, used to find time, 129.

and azimuth instrument, 187.

8, equal, method of, 188.

Andromeda, nebula in, 874.

Angle of position, 204. Of situation,31 1.

Angles, measurement of, 163. 167.

Hour, 107.

Angular velocity, law of, variation of,

350.

Anomalistic year, 384.

Anomali/ of a planet, 499.

Annular nebnlec, 875.

Antarctic circle, 364. 382.

Apex of abeiTution, 343, Of parallax,

343. Of refraction, 343. Solar, 854.

Of shooting stais, 902. 904.

Aphelion, 368.

Apogee, 368. Of moon, 406. Period
of its revolution, 687.

Apsides, 406. Revolution of lunar,409.

Motion of, investigated, 675. Ap-
plication to lunar, 676... Motion
of, illustrated by experiment, 692.
Of planetary orbits, 694. Libration
of, 694. Motion in orbits very near
to circles, 696. In excentric orbits,

697...

Arago, 387. 395. 432. 776. j. 877.
Arcs of meridian, how rneasared, 211.

Measures of some, 216.
Arctic circle, 364. 382.
Areas, Kepler's law of, 352..., 490.
Argelander, his researches on variable

stars, 820..., on sun's proper mo-
tion, 854.

Argo, nebula) in, 887. Irregular star

J) in constellation, 830.
.4r!c/, .ISl,

Aristillus, 430.

Ascension, right, 108. (See Right as-

cension.)

Asteroids, their existence suspected
previous to their discovery, 505.

Appearance in telescopes, 525. Gra-
vity on surface of, 525. Elements,
Appendix, Synoptic Table. Total
mass of, inconsiderable, 525. (See
Synoptic Tables.)

Astrcea, discovery of, 505.

Astrometer, 783.

Astronrniy. Etymology, 11, General
notions, 11.

Atmosphere, constitution of, S3... Pos-
sible limit of, 36. Its waves, 37,

Strata, 37. Causes refraction, 38.

Twilight, 44. Total mass of, 343.
Of Jupiter, 513. Of the sun, see

Sun. Of the moon, 431,

Attraction of a sphere, 446—i50, (See '^
Gravitation.) To a spheroid, 238.

Augmentation of moon's apparent dia-

meter, 404.
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Auguslm, liis rcformntion of mistakes
in tlio Julian caloudar (1)19.). Kra
of, 926.

Aurora liorcalis, 115.

Australia, execs ji^i; gummcr tempera-
ture of, 369.

Auzoiil, 15S. note.

Average/! of resultrt, their use, 137.

Axis ol the earth, i*a. Rotation pcr-

maneut, 56. Kl.ijor, of the eaith's

orbit, 373. Of K:in'B rotation, 392.
Axis of a planetary orbit. Momentary

variation of, causu,! by the tangc;nti.ai

foree only, 6.')8. 66t. Its variatio: r,

periodical, 6(51... ir friability of,

and how understi':;, lii ;i.

Azimuth, 103. — and altitude instru-

ment, 187.

j'.'(i''fy, his (.Ji^iervation of annnlareclipse
of ihesu.u, 435. Ills bcii. Is, 425.

IhK'iK'tfr, tiiituro c' ts indication, 33.
IJst 'v riiJcaliii ;ni.; refraction, 43.

Ili tktei Jianing heights, 287.
/'sir, nr.'ifcaresneut of, 273.

/»?( ^ :, BuHy a, 425.

M:^r and Macller, their work on the
irijon, 429.

Bdtn of Jupiter, 512. Of Saturn, 5 1 4.

licssel, hib results respecting the figure

of the earth, 220, Discorers paral-

lax of 61 Cygni, 812.

Biela'n comet, 579...

Biot, his aeronautic ascent, 32.

Bissextile, 932. Omar's proposal for

its periodical omission, Note (A) on
art, 926.

Bode, his (so-called) law of plaaetary
distances, 505. Violated in the case
of Neptune, 507.

Boguslawski, remarkable observation
of llalley's comet by, 571. note.

Bohnenberger, hb principle of coUima-
tion, 179.

Bond, Prof., his observations of interior

ring of Saturn, 521. His discovery
of an eighth satellite of Saturn, 548.

Borda, his principle of repetition, 198.

Bouvard, bis suspicion of extraneous
influence on Uranus, 760.

Brewster, Sir D., his polarizing eye-
piece, 204. d.

C.

Casar, his reform of the Roman calen-

dar, 917.

C(//tW(rr, Julijin,917. Gregorian, 914.

Calms, equatorial, 244.

Cause and effect, 4?»^ njut not?.

Cavendish, bis cxp'jri!.ucrit, 776. h.

Centeroftho eart'j.Su- U! I'u sun, 4i'?, Jl>'-

of grav;
; , 360 Kevoliition

about, 452. ( n 'hr. i: ir'.h and moon,
452. Of the I a iip( sarth, 451.

Centrifugalforce. SilUiptic i<>nn ofe.irtU

pro'i:;ced by, :'•.;» IH-.mratnd, '.;2,').

Coi.i;iared with gravity, 22it. Of a
body revolving • : the earth's sur-

face, 4:, 2.

Ceres, discov> :'y of, 505.

Challis, Prof., 506. note.

Churls, celestial, lU. Construction

of, 2!*'... Bremikei's, 506.ar:l n.>to.

Chineir .•ecordi of comets, 574. Of
aregilar Bli.rs, 8.:<l.

Chronometer ', *iu\»' used for (!et I'.rmuiing

diffcvuct i Lif longit;! .'.li 2i55.

Circle, iiictii utid antar " v, 95. Vtrti-

cal, 100. ii)'jr, 10«. }Jivided, 163.

Meridian, 174. Reflecting, 197. Re-
peating, 198. Galactic, 793. Mural,
163. 168. Arctic and antarctic, 364.

312. 's co-ordinate, 181.

Clamp, 163.

Clausen, bis vrbit of comet of 1843,

596.

Clepsydra, 150.

Climate, 36ft,,. Secular changes of,

369. b..., 70:,

Clock, 151. E.'1'ar and rate of, bow
found, 253.

Clockwork applicu to equatorial, 186.

Clouds, greatest huightof, 34. Magel-
lanic, 892...

C/us/er» of stars, 864... Globular, 867.

Irregular, 869.

Cullimation, line of, 185.

Collimator, floating, 178. Bolinen-

berger's, 179.

Cobured stars, 851...

Colson, bis maps, 284.

Colures, 307.

Comets, 554, Seen in day-time, 555.

590. Tails of, 556. ..566. 599. Ex-
treme tenuity of, 558. General de-

scription of, 560. Motions of, and
described, 561... Parabolic, 564.

Elliptic, 567... Hyperbolic, .564. Di-
mensions of, 565. Of Halley, 567...

Of Caaar, 573. Of Encke, 576. Of
Biela, 579. Its subdivision into two,

580. Of Faye, 584. Of Lexell,

585. Of Do Vico, 586. Of Bror-

sen, 587. Of Peters, 588. Synop-
sis of elements (Appendix). In-
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rial, 244.

;et, 4?«^: niid not?.

1 cxpyriijicTif, 770. ft.

»rt''f,8o. On'.u gun, Jr.?,
,

i'y, 360 Kiivolntiou

( ii' 'hr. li.j'.h and moon,
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rcf, EUipnc U'tKi ofe.;rtli
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ing •: the earth's Bur-
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506. note.
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.rs, SJi.
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)iir, 100. }>ivided, 103.

r4. Reflecting, 197. Ite-

I. Galactic, 793. Murnl,
rctic and antarctic, 364.

3 co-ordinate, 181,

rbit of comet of 1843,

Secular changes of,

ISrror and rate of, bow

lieu to equatorial, 186.

5t height of, 34. Magel-

rs, 864... Globular, 867.

69.

leof, 185.

mating, 178. Bolmen-
).

,851...

ps, 284.

Seen in day-time, 555.

of, 556. ..566. 599. Ex-
;y of, 558. General de-

, 560. Motions of, and
561... Parabolic, 564.

... Hyperbolic, 564. Di-
,565. Of Halley,567...

73. Of Enckc, 576. Of
Its subdivision into two,

fayc, 584. Of Lexell,

Vico, 586. Of Bror-
)( I'eters, 588. Synop-
enta (Appendix). In-

INDEX. 705

crease of visible dimensions in re-

ceding from thcsun, 671. 680, Great,
of 1843, 689... Its supposed identity

with many others, 594... Interest at-

tached to subject, 597. Comctary
statistics, and conclusions therefrom,
601. Ckinclusions from the phasno-
mcna of their tails, 570. rossiblo
cause of their acceleration of period,

670. Heat sustained by, 592. Prin-
cipal discoverers of, 597. Periodic,
form two distinct families, 601. a.

Of 1680, 573. Of 1556, 574. Of
d'Arrest, 601. 6.

Conmienmrability (near) of mean mo-
tions ; of Saturn's satellites, 550. Of
Uranus and Neptune, 669. and
note. Of Jupiter and Saturn, 720.
Earth and Venus, 726. Effects of,

71S.

Comjyensation of disturbances, how ef-

fected, 719. 725,
Compression of terrestrial spheroid,

221.

Configurations, inequalities depending
on, 655...

ConjuHCliont, superior and inferior,

469. 473. Perturbations chiefly pro-
duced at, 713.

Consciousness of effect when force is

exerted, 439.
Constellations, 60. 301. How brought

into view by change of latitude, 52.

Rising and setting of, 58.

Copernican explanation of diurnal mo-
tion, 76, Of apparent motions of
sun and planets, 77.

Correction of astronomical observa-
tions, 324... — s. Uranographical
summary, view of, 342,., Order of
application of, 345,

Culminations, 125. Upper and lower,
126.

Cycle, of conjunctions of disturbing
and disturbed planets, 719. Meto-
nic, 926. Callippic, ib. Solar, 921.
Lunar, 922. Of indietions, 923, Of
eclipses, 426,

Cyclones, 245, a.

D.

Darkeniig glasses, 204. «.

Bates, Julian and Gregorian, interval

between, how computed, 927...

Dawes, Rev, W. R., his mode of ob-
serving solar spots, 204. e. His dis-

covery of the sun's interior enve-
lope, 389. a. His observation of

interior ring of Saturn, 521, Hig
discovery of bright spots on Jupi-
ter's bclu, 512. Of an eighth satel-

lite of Saturn, 548.

Day, solar, lunar, and sidereal, 143.

Ratio of sidereal to solur, 305. 909.
911, Solar unequal, 146. Moan
ditto, invariable, 908. Civil and as-

tronomical, 147. Intercalary, 916.
Days elapsed between principal chro-

nological eras, 926. Rules for reck-
oning between given dates, 927. Of
week not the same over the globe,
257. And nights, their inequality
explained, 365.

Declination, 105. How obtained, 295.
Parallels of, 113.

Definitions, 83.

Degree of meridian, how measured, 2 1a
... Error admissible in, 215. Length
of:' J various latitudes, 216. 221.

Density of earth, how determined, 776,
a. h.

Densities of sun and planets, 508. b.

(See also Synoptic Table.)
Diameters of the earth, 220, 221. Of

planets, synopsis. Appendix. {See
also each planet.)

Dilatation of comets in receding from
the sun, 578.

Diminution of gravity at equator, 231,
Diome, 548,

Dip of horizon, 23,

sector, 18, 19.

Discs of stars, 816.

Distance of the moon, 403, ; the sun,
857. i

fixed stars, 807. 812... ; polar,
105.

Districts, natural, in heavens, 302.
Disturbing forces, 455. Of sun on

moon, 606. Nature of, 609... Ge-
neral estimation of, 611. Nume-
rical values, 612. Unresolved in
direction, 614. Resolution of, in
two modes, 615. 618. Effects of
each resolved portion, 616... On
moon, expressions of, 676. Geo-
metrical representations of, 676. 717.

Diurnal motion explained, 58. Po-
rallax, 339. Rototion, 144.

Double refraction, 202. Image mi-
crometer, a new, described, 203. Co-
met, 580. Nebulee, 878.

Double Stars, 833... Specimens of
each class, 835. Orbital motion
of, 839. Subject to Newtonian at-
traction, 843. Orbits of particular,
843. Dimensions of these orbits,

844.848. Coloured, 851... Appa-
Z
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rent periods affected by motion of

light, 863.

Dove, Ilia law of tcraporftturc, 370. Of
rotation of windf*, 245. a.

Drainage basins, 289.

V Earth. Its motion admissible, 15.

Spherical form of, 18. 22... Optical

effect of its curvature, 2.5. Diurnal

rototion of, 52. Uniform, 56. Per-

mnnenco of its axis, 57. Figure

spheroidal, 207. 219... Dimensions

of, 209, 210. 220. Elliptic figure a

result of theory, 229. 'IVmpcraturo

of surface, how maintained, 336.

Appearance as seen from moon, 436.

Velocity in its orbit, 474. Dis-

turbance by Venus, 726. Density

of, 776. a, b. Solid content of, 776. /.

Eclipses, 411... Solar, 420. Lunar,

421... Annular, 425. Periodic re-

turn of, 426. Number possible in a
year, 426. Of Jupiter's satellites,

266. 538. Of Saturn's, 549. Total

ofsun, phtonomenaof, 395. Ancient,

their use in fixing dates, 933...

Ecliptic, 305... Ita plono slowly yari-

able, 306. Cause of this variation

explained, 640. Poles of, 307. Li-

mits, solar, 412. Lunar, 527. Ob-
liquity of, 305, 306.

£^pttan«, ancient, chronology, 912.

Elements of a planet's orbit, 493. Va-
riations of, 652... Of double star or-

bits, 843. Synoptic table of planet-

ary, &c. Appendix.
Ellipse, variable, of a planet, 653, Mo-
' mcntary or osculating, 654.

Elliptic motion a consequence of gra-

vitation, 446. Laws of, 489... Their

theoretical explanation, 49!.

Ellipticity of the Earth, 208. 221.

Elongation, 331 . Greatest, of Mercury
and Venus, 467.

Enceladus, 548., note.

Encke, comet of, 576. His hypothesis

of the lesistance of the ether, 577.

Epoch, one of the elements of a planet's

orbit, 496. Its variation not inde-

pendent, 730. Variations incident

on, 731. 744.

Equation of light, 335. Of the center,

375. Of lime, 379. Lunar, 452.

Annunl, of the moon, 738. Men-
strual, of the sun, 528.

Equator, 84. 1X2.

Equatorial, 185.

Equatorial instrument, 84. 112.

calms, 224.

Equilibrium, figure of, in a rotating

body, 224. Exemplified by an ex-

periment, 225.

Equinoctial, 97. 113. Time, 148.935.

Equinox, 293. 303. 307. 362.

Equinoxes, precession of, 318. Its ef-

fects, 3 1 3. In what consisting, 314...

Its physical cause explained, 642...

Eras, chronological list of, 936.

Erratic stars, 297.

Errors, classification of, 133. Instru-

mental, 135... Of adjustment, 1 36.

Their detection, 140. Destruction

of accidental ones by taking means,

137. Of clock, how obuiined, 293.

Establishment of a port, 754.

Ether, resistance of, 577.

Evection of moon, 748.

Evolute of ellipse, 219, 220.

Excentricit>':s, stability of Lagrange's

theorem respecting, 701.

Excentricity in a, divided circle, how
eliminated, 141. Earth's orbit, 354.

How ascertained, 377. Of the moon's,

405. Momentary perturbation of,

investigated, 670. Application to

lunar theory, 688. Variations of, in

orbits nearly circular, 696. In ox-

centric orbits, 697. Permanent in-

equalities depending on, 719.

F.

Facula of the sun, 388. Explained,

395. a.

Faye, comet of, 584. and Appendix.
Field of view, 1 60.

Fixed stars. See Stars.

Fizeau, his measure of the velocity of

light, 545.

Flora, discovery of, 505.

Focus, upper. Iw momentary change
of place, 670, 67

'. Path of, in virtue

of both elements of disturbing force,

704. Traced in the case of the

mooii's variation, 706... And pa-

rallactic inequality, 712. Circulation

of, abont a mean situation in planet-

ary perturbations, 727.

Force, metaphysical conception of, 439.

Forced vibration, principle of, 650.

Forces, disturbing. See Disturbing

force.

Foucault, his pendulum experiment,

245. c. His gyroscope, 245. h.

Friction as possibly a source of the sun's

heat, 400.905. a...
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0.

Galactic circle, 793. Polar distance, ih,

Galiiri/ composed of stars, 302. Sir

W. Herschcrs conception of its form

and structure, 786. Distribution of

stars generally referable to it, 786.

Its course among the constellations,

787... Dillicully of conceiving its

real form, 792. "Telescopic analysis

of, 797. In some directions unfa-

thomable, in others not, 798.

Galle, Dr., 506. Finds Neptune in

place indicated by theory, 768. First

notices the interior ring of Saturn,

522.

Galloway, his researches on the sun's

proper motion, 855.

Gascoiyne, 158.

Gasparis, Sig. De, discovers a new
planet (Appendix).

Gauging the heavens, 793.

Geocentric longitude, 503. Place, 371.

497.

Geoilesical measurements,— their na-

ture, 247.

Geography, 111. 129... 205...

Glauses, darkening, 204. c.

Globe, artificial, an experiment with,

245.7.

Globular clusters, 865, Their dynami-
cal stability, 866. Specimen list of,

867.

Golden number, 922.

Goodriche, his discovery of variable

stars, 821...

Gravitation, how deduced from phasno-

meno, 444... Elliptic motion a con-

sequence of, 490...

Gravity, center of, see Center of gravity,

GraiJ% diminished by contrifugalforcc,

231, Measures of, statical, 234.

Dynamical, 235. Force of, on the

moon, 433... On bodies at surface

of the sun, 440. Of other planets,

see their names.

Orr.en, his balloon ascent, 32.

Greenwich, latitude of, 123.

Gregorian reform of calendar, 915.

Gyivscope, 245. A...

H.

Habitability of tlio moon, 436. a, b.

Hadley, his sextant, 194. His expla-

nation of the trade winds. (See

Winds.)
Halley. His comet, 567. First no-

z z

ticcs proper motions of the stars,

852.

Hansen. His detection of long ine-

qualities in the moon's motions,

745...

Harding discovers Juno, .505.

Harvest moon, 428. h.

//crt/, supply of, from sun alike in sum-
mer and winter, 308. How att'vcted

by chonges in the earth's orbit, 369, ft.

... How kept tip, 400. Sun's ex-

penditure of, estimated, 397. Re-
ceived from the sun by different pla-

nets, 508. Endured by comets in

])crihelio, 692.

Hebe, discovery of, 505.

Heights above the sea, how measured,

286. Mean of the continents, 289.

Heliocentric place, 372. 498. 500.

Heliometer, 201.

Helioscope, 204. e.

Hemispheres, terrestrial and aqueous,

284.

Henche discovers Hebo and Astroea,

505.

Henderson, his determination of the

parallax of o Centauri, 807.

Herschel, Sir Wm., discovers Uranus,

595, and two satellites of Saturn,

548. His method of gauging the

heavens, 793. Views of the struc-

ture of the Milky Way, 786. Of
nebular subsidence, and sidereal ag-

gregation, 869. 874. Uis catalogues

of double stars, 835. Discovery of

their binary connexion, 839. Of
the sun's proper motion, 854. Clas-

siHcations of nebuliB,868. 879. note,

Herschel, Miss C, comets discovered by,

597. Nebula discovered by, 874.

Hind, his calculation of the return of

comets,574. Classification of comets,

601.

Hipparchus, 281.

Horizon, 22. Dip of, 23. 195. Ra-
tional and sensible, 74. Celestial,

98. 113. Artificial, 173.

Horitontalpoint of a mural circle, how
determined, 175.

Horrockes, 158.

Hour circles, 106. 113. Gloss, 150.

Humboldt, his determination of the

mean heights of continents, 289.

Hurricanes, 245. 6.

Hyperion, 548.

lapetus, 548.
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Illumination of field of view, 304. >.

Kcd, iu ndvantagea, 204. b. Ofwiref,

S04. 6.

Jmmernont and emeriioni of J14 iter'a

atelliter. r^""*

Inclin lii uw 'ii'» orhit, 406.

Of ...\ (>rbH« il/.iurbedliy oriho-

, . . "i.".\ •' l*hyi'"oal impor-
tivucu < . u> ttii clomont, 632. Mo-
ifuntary Titriation of, oBtiniated, 6.33.

Criterion uf moinontory increase ur

diminution, 635. Its changes peri-

odical and (olf-correctini;, 036. Ap-
plication to ca«e of the <nuon, 638.

Jmlinatioru, stability of, Lagrange's
theorem, 639. Analor- <

•

porturbntioni to excxu ,k,itiea, 699.
Jndictioni, 923.

IntijucUity. Parallactic of moon, 7 1 2.

Orcat, of Jupiter and Saturn, 720...

Inequalities, independent of oxccntri-

city, theory of, 702... Dependent
on, 719.

/n«6-u»i(in<-making, its difficultiet,

13U Equatorial, IT). Alt-azimuth,

187.

Instrumental errore, bow detected, 1 39.

InHlrutmnI', theory of, 140....

Intercalation, 916.
Iris, discovery of, 605.
Iron, nicteonc, 888.

Isis. {See table of Asteroids.)

J.

James, Col., his projection of the

uplivrc, 283. His nioiii^nrc of attrac-

tion of Arthur's Seat, /re. e. ^

,i^u/i'u» period, 924. Date, 930.~ Be-
tbrmution, 918.

Juno, discovery of, SOS.

Jupiter, physical appearance and de-

scription of, 81 1. Kliipticity of, 612.

Belts of, 512. Ora'ityon surface,

508. Satellites of, SiO. 535. Their
use for dotcrmining iuugii cs, 266.

Ft^T) without wtellites, ."^ Den-
t>i:y of, 600. '- liecomii d as a
pL;>ti)metric standard, 783. i.iements

of, &c {See Synoptic Table, Ap-
pendix.)

Jupiter "^ :d Saturn, their mutual per-

turl.. .iOUi, 700. 720...

Kater, his mode of measuring j; \-'ii in-

tervals of time, 1 60. '
i is coin r> tor,

178.

Kepler, his laws, 3S2. 487. 489. Their
physical interpretation, 490...

La»/ying of tides, 763.

Lut/range, his theorems respecting th«
Btubility ofthe pkoetary system, 639.
669. 701.

Laplace accounts for the secular acco-

iul Table,

Mpli

lerntiou of the moon, 740
Larissa, eclipse of, 933.

926.

Lasstll, his observation of spots on
Jupiter's belts, 512. His discovery

of AM, 567. Of Hyperion, 648.

His observations at Malta, 551.

Latitude, terrestrial, 88. rarulleU of,

89. Uowascertained, 119. 129. Ku-
mer's mode of obtaining, 248. On a
spheroid, 247. Cclesiiol, 308. He-
liocentric, bow calculated, 500, Geo-
centric, 503. Of a place itavariablu,

31. Of Greenwich, 123.

Laws of nature how arrived at, 139.

Subordinate, appear first in form of

errors, 139. Kepler's, 352. 487...

Levd, spirit, 176. Lines, 289. Sea,

285. Strata, 287.

Leverrier, 606, 507. 707.

Lexell, comet of, 585.

Libration of the moon, 435. Of ap-
sides, 694.

Light, aberration of, i,.". ;. Velocity of,

' 331. How aseertainevl, 545. Equa-
tion of, 335. Extinction of, in tra-

versing spaco 798. Distance mea-
sured byits .tion, 802... or n
stars com] ued with the sun, U7...
Eff-"t of itM motion in altci i» ap-
pi ' perioii of a d ible h 1, 863.

Zoauu J, 89".

Limits, ecliptii {Set i>uliptic limits.)

r.ucoi time, 252.

Lohrmann, his charts of the moon, 437.

I'<ndon, center of t'ii terrestriiil Iiemi-

phere, 284.

t,ungitude, terrestr'til, 90. Eon ter-

mined, 121.261... By chronoi .ers,

255. By signals, 26». By ciectric

teleirraph, 262. By shooting stars,

2 1 - By Jupiter's satellito.s 'tc, 266.

By lunar observations, 267.. Celes-

tial, 308. Mtr u and true, 3 , He-
liocuntric, 500. Geocentric, 3 . 503.
Of Jupiter'- «at<»'i'^'s, curio. ^;* rela-

tions of, bi-d.

Lunar diBtan'-'-s, 367 .,

.
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of, 585.

the moon, 435. Of ap-

tion of, :,.; ; . Velocity of,

' asccrtuineU, 545. Equa-
5. Kxtiuction of, in tra-

«ce, 798. Distance "tea-

i motion, 802... Oi n
>!u'ed with the sun, av , ..

tK motion in alter g ap-
ioil of a dciible b a, 863.
(97.

if (5e< i-cliptic limits.)

152.

is charts of tho moon, 437.
Br of t'i') terrestriiii hcmi-
I.

rrestr il, 90. How tei>

; . 25 1 . . . By chronoi! tert,

signals, 26«. By citxtric

262. By shooting stars,

jpitcr'g satellit<'8, Jtc.,266.

bservationa, 267 . . Celes-

M< r i and true, , Ho-
500. Geocentric, 3 503.
'

di'll' s, curious rcla-

U.
<'e«,867...
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Lunation (synodic rovolution of tUo

moon), its duration, 418.

M.

Marlear, his mcaiuromcnt of arc at

the Cape, 220. His rediscovery of

(('Arrest's comet, 601. b.

MiieiHer, his orbits of double stars, 843.

ilii* speculations on a central sun,

8C1. His work on tho moon, 429.

437.

Maedler, Madame, her discovery of a
comet, .597.

MaijMank clouds, 89Q...

Maynedim, terrestrial, connected with
spots on the gun,<M4. c.^^J/i

Maynitudea of stars, 780... Common
and photometric scales of, 780...

And Appendix.
Main, his observation of Saturn, 522. a.

Alaps, gcographicol, construction of,

273. Colostiul, 290... Of the moon,
437. rrojucliuns used iu,246. 2->...

Mark, meridian, 190.

Mars, phases of, 484. Gravity oi. .ir-

face, 50H. Continents and seas of,

610. Elements (Appendix). Bo-
tii va on its axis, 510.

Mankelyne, his measure of attraction of

a mountain, 776. e.

Masses of planets determined by their

satellites, 532. By their mutual
perturbations, 7.17. Of Jupiter's

satellites, 758. Of tho moon, 759.

Mean motions of Jupiter's satelllteSi

idar relation of, 542. Do. of

m's, 550,

Wf nl equation, 628.

A/' v projections, 281. 283.
Mac'i.y, viiodic revolution of, 472.

Velocity m orbits, 474. Stationary

ataof. fi. Phases,477. Greatest
"?!it Transitt of, 483.

jin sun, 508. Phy-
SK.i "-unce and description,

608. iits of (Appendix).

Mm dill H, ten. trial, 85. Celestial, 101.

Line, 87. 190. Circle, 174. Mark,
190. Arc, how measured, 210. Arcs,

lengths ot^ in various latitudes, 216.

Length of a degree of, ii !121.

Messier, his catalogue of n. ^65.

Meteors, 898. Periodical, 90u . .

.

lits

of, 904.

Metis, discovery of, 505.

MicheO, his invention of thi dion

balance, 776. h. Its appli' on

measure density of th ' carUi, 770

His speculation! on the distribution

of stars, 833.

Micrometers, 199... Double imago,
200... Position, 204.

Milky way. (See Galaxy, 302.)
Mimas, 550., and note.

Mines, oscillations of pendulum in, 833.

Mira CctI, 820.

Mitchell, Miss, her discovery of a
comet, 558. 597.

Month, lunar, 418. 934. note.

Moon, her motion among tho stars, 401.

Distance of, 403. Magnitude and
horizontal parallax, 404. Augmen-
tation, 404. Her orbit, 405. Revo-
lution of nodes, 407. Apsides, 409.

Occuhation of stars by, 414. Phases
of, 416. Brightness of surface, 417.

note. licdness in eclipses, 4?2. Si-

dereal and synodic revolution, 418.
Physical constitution of, 429... Des-
titute of sensible atmosphere, 431.

Mountains of, 430. Climate, 431...

Inhabitants, 434. Habilability, 4S6.

a, b, Libration, 435. Visible in

total eclipse, 424, note. Harvest,

428. b. Influence on wcnthcr, 432.

and note. liotation on axis, 435.

Appearance from earth, 436. Map«
and models of, 437. Ileal form of
orbit round the sun, 452. Gravity
on surface, 508. Motion of her
nodes and change of inclination ex-
plained, 638... Motion of apsides,

676... Variation of excentricity,

C88 .. i'orallactic inequality, 712.

Ansiui! ecjuation, 738. Eveetion,

748, Viuriation, 705... Tides pro-
duced by, 751.

Motion, .ippurent and real, 15. Diur-
nal, 62. Parallactic, 68. Relative
and absolute, 78... Angular, how
measured, 149. Proper, of stars,

852... Of sun, 854.

Mountains, their proportion to tho

globe, 29. Of the moon, 430. At-
traction of, 776. d.

Mouma Roo, 32.

.Afurai circle, 168.

N.

Nabonassar, era of, 926.

Nadir, 99.

Nebula, classiflcationB of, %^^. 6 J,

note. Law of distribnt:o:>i, 303.

Resolvable, 870. Elliptic, 873. Of
Andromeda, 874. Annular, 875.

Planetary, 876. Coloared, ib, Doh-
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Wo, flTfl. Of iub-roffolar fornii, 881, I

882. IrrcBalnr, 883. Of Orion,
I

885. Of Argo, 887. Of 8agit-

tnriui, 888. Of CyKnua, 891.

y Nebular hypothcgis, 873.

A«6u/ouji inattcr, 871. 8tar«, 880.

Neptune, discovcrv of, 608. 708. Por-

turlmtiona prodiiccd on Urnniis by,

anitlysod, 769... I'ldco indicated l)y

theory, 7fi7. Klcmcntg of, 771...

Pcrttir' jT forcoi of, on Urnnud,

gconi ically exiiibitod, 773. Their

effects, 774...

Newton, Ilia theory of gravitation, 490
...et piUiim.

Nodei of tlie sun's equator, 390. Of
tlio moon's orliit, 407. rnii»i«j!i' of

planets tlirough, 460. Of plaiietury

orbits, 493. Portiirbation of, 020...

Criterion of their advance or recess,

622. Hcccdo on the disturbing or-

bit, 624... Motion of the moon's,

theory of, 638. Analogy of their

variations to those of pcnlieliu, 699.

Nomenclature of Satiira's satellites,

.548. note.

Nonagenimal ^o\nt, how found, 310.

Noon, mean and apparent, 378.

Normal disturMnj; force and its effects,

CIS. Action on cxeentricity and
perihelion, 673. Action on lunar

8i> dcs, 676. Of Neptune on Uni-
i!us, its cffl'Cts, 775.

Nubeculce, major and minor, 892...

Number, golden, 922.

Nutation, in what consisting, 331.

Period, 322. Common to all celes-

tial bodies, 823. E.\plaincd on phy-
sical principles, 648. Mode of cor-

recting for, 325.

Obcron, 551.

Ohjcct glass, divided, 201.

Objects, test for telescopes, 836.
obliquity of ecliptic, 303. Produces

tlie variations of season, 362. Slowly
diminishing, and why, 640.

Observation, astronomical, its pecu-
liarities, 138.

Occultation, perpetual, circle of, 113.

Of a star by the moon, 413... Of Ju-
piter's satellites by the body, 541.

Of Sotum's, 549.

Olbers discovers Pallas and Vesta, 505.

His hypothesis of the partial opacity
of space, 798.

Omnr, hii proposal for a rale for bl<<

sextiles. Koto A, 926.

OiMcity, partial, of space, 798.

Oscillations, forced, principle of, fi.'SO.

Orbits of planets, their elomenti (Ap-
])cndix) of d"uble stars, 843. Of
comets. (See Comets.)

OrtluMjitnul disturbing force. And iti

etfeits, 616. 619.

Orlhoijraphic projection, 280.

P.

Pahtxch discovers tho variability of
Algol, 821.

Pallas, discovery of, 805.

Palm trees, their disappearance from
.fudira, 309. c.

Parallactic Instrument, 185. Incqunlity

of tho moon, 712. Of planets, 713.

Unit of sidereal distances, 804. Mo-
tion, 68.

Parallax, 70. Geocentric or diurnal.

339. Heliocentric, 341. Horizontal,

355. Of the moon, 404. Of tho
sun, 357. 479. 481. Annual, of stars,

800. How investigated, 805... Of
particular stars, 812, 813. 815. Sys-
tematic, 862. Effect of on lunar
distances, 271. As a uranogra-
phical correction, 341. Calculation

of, 338.

J'aris, longitude of, 262.

Peak of Tcncriff'c, 32.

Pendulum-Q.\<Mi\i, 89. A measure of
gravity, 235.

Pendulum used as a measure of gra-

vity, 235. Seconds, length of, 225.

Foucault's, 245. e... I'sed to mea-
sure density of the earth, 776. /, _</.

Penumbra, 420. Of solar spots. { See
Spots.)

Perigee, 368. o. Of the moon, 406.

Perihelia and cxccntricities, theory of,

670...

Perihelion, 368. Of tho earth, its pe-

riod of revolution, 369. b. Effect

of its revolution on seasons, 369. b.

Longitude of, 495. Passage, 496.

Heat endured by comets in, 592.

Period, Julian, 924. Of Planets (Ap.)
PenWictirao of a body revolving at tho

earth's surface, 442. Of pianets, how
ascertained, 486. Law of, 48. Of a
distiu-bcd planet permanently altered,

734...

Pcn'orfica/ stars, 820... List of, 825.

Perspective, celestial, 1 14.

MMMnPSMMM^'
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Ill, of apaco, 708.

irced, principle of, fino.

ict.i, their clomonU (An-
(loubtu stori, 843. or
f«« Comc'ta.)

tiirbing force, and iti

619.

projection, 880.

P.

jvcrs tho variability of

cry of, 603.

heir disa]ipcnranco from
'. c.

itnimont, 185. Incqiinlity

1,712. Of pliinets, 71.1.

;rual distances, 804. ^lo-

Ococentric or diurnni,

centric, 341. Horizontal,

ho moon, 404. Of tho

r9. 481. Annual, of starn,

investigated, 805... Of
itnrs, 812, 813. 815. Sys-
;2. Eft'ect of on lunar
271. As a uranugra-
oction, 341. Calculation

ido of, 263.

riffc, 32.

i:k, 89. A meosuro of
5.

;d ns a meosuro of gra-

Scconds, lon^^th of, 225.

24S. e... sed to meu-
y of the eartli, 776./ ;/.

!0. Of solar spots. {'See

a. Of the moon, 406.

oxccntricities, theory of,

18. Of the earth, its po-

volution, 369. b. Meet
Intion on seasons, 369. b,

of, 495. Passoge, 496.

red by comets in, 592.

n, 924. Of Planets (Ap.)
of a body revolving at tho

lace, 442. Of pianets, how
I, 486. Ljiw of, 48. Of a
ilanet ponuoncntly altered,

irs, 820... List of, 825.

^Icstial, 114.
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Pirturlmtion*, 603.., Of Uranus by
Ni'ptuno, 767...

PeteiH.Uln resuarchoi on parallax, 815.

On proper molinns of KTiiri, 859.

Vkueii of the m(M)n explained, 410.

Ot Mercury and Venus, 465. 477.

Of Huperlor planets, 484.

PhoUyraphu: representation of tho

moon, 457.

PhoUmdrio scale of star magnitudes,

780.

PhtUometry of stard, 783.

IHiizzi discovers Cores, 505.

PUaril, 158.

Piddiiujton on Cyclones, 245. d.

PiijoU, variable stars discovered by,

824...

Placet, mean and tnio,374. Oooractric

and heliocentric, 371. 497.

Plunetan) nobulo), 876...

Pliweis, 299. 455. Apparent motions,

457... Stations and rctrograda-

tions, 459. Ileferenco to sun as

their center, 462. Community of

nature witli tho earth, 463. Ap-
parent diameters of, 464. Phases

of, 465. Inferior and superior, 476.

Transits of (see Transit) Motions

explained, 468. Distances, how
concluded, 47 1. Perio<l8, how found,

•472. Synodieal revolution, 473. 486.

Superior, their stations andretrogra-

dntions, 435. Magnitude of orbits,

how concluded, 485. Elements of,

495. (See Appendix for Synoptic

Table.) Densities, 508. Physical

peculiarities, &c., 509... Illustration

of their relative sizes and distances,

526. Division into classes, 525. a.

PluHtnmour, his calculations respecting

the doubio comet of Bicla, 583.

Pleiades, 865. Assigned by Miidler

as the central point of the sidereal

system, 881.

Plumb-line, direction of, 23. Use of,

in observation, 175. On a spheroid,

219.

PogsoH, his observotion of variable stars,

825. Discovery of asteroids. (See

Synoptic Table.)

PMr distance, 105. Point, on a moral

circle, 170. 172.

P<^arization, 387.

Polarizing eye-piece, 204. d.

Poles, 83. 112, 113. Of ecliptic, 307.

Their motion among tho stars, 317.

Pule-atar, 95. Useful for finding the

huitude, 171. Not always the same.

318. What, at ctHH-h of tho hulld<

ing of the pyramids, 319.

I'urtt of tho tnn'i surface, :)87. Ex-
plained, 398.

Pimition, angle of, 204. Micrometer,
il>.

Puiiiltet, M., his meaauro of solar ra-

diation, 397. a., note.

Powell, I'rof., his explanation of tho

gyroscope, 34.5.7.

Preesepe, Cancri, 865.

Preceision of the equinoxes, 312. In

what consisting, 314... Effects, 313.

Physical explanation, 642...

Primina and liiggiiig of tides, 753.

Principle of areas, 490. Of forced

vibrations, 650. Of repetition, 198.

Of conservation of vis viva, 663.

Of coUlmation, 178.

Problem 0/ three bodies, 608,

Problems in piano oatronomy, 127...

.'J09...

Projection of a star on tho moon's limb,

414. note.

Projections of tho sphere, 280... A
timplo and convenient described,

283. Of equal areas, 283. b.

Proper motions of the stars, 852. Of
the sun, 853.

I'yramids, 319.

i?a//fa/ disturbing force, 61ii...

Radiation, solar, on planets, 508. On
comets, 592.

liate of clock, how obtained, 293.

Reading olT, methods of, 165. Oppo-
site effect of, in eliminating errors,

141.

liedjicld on Ir.uricanes, 245. d.

Reduction of astronomical observations,

336.

Reflecting circle, 197.

/J«y/a<ors, largo, howcollimated, 204./
Reflexion, observations by, 1 73.

Reformation of calendar by Ciesar, 918.

By Augustus, 919. By Pope Gre-

gory, 932. Proposal by Omar for,

906. note (A 's

Refraction, 38. Astronomical and iti

otfects, 39, 40. Measure of, and law

of variation, 43. How detected by
bservation, 142. Terrestrial, 44.

ilow beat investigated, 191.

Rei<i, CoL, on hurricanes, 245. d.

Repetition, principle of, 198.

Resistance of ether, 577.
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Itetrogradations of planets, 459. Of
nodes. (-See Nodes.)

Beversal, principle of, 161.

JReyiiaud, M., his speculations on varia-

tion of climate, 369. c. note.

Bhea, 648. note.

Right OMOifion, 108. How determined,
293.

Bing9 of Saturn, dimensions of, 514.
Plisenomer.a of their disappearance,
515... Equilibrium of, 518... Mul-
tiple, 521, and Appendix. Interior,

521... Appearance of, from Saturn,
522. Attraction of, on a point with-
in, 735. note.

Rising and setting of celestial objects,

time of, 128.

Riltenhoute, his principle of collima-
tion, 178.

Rockets used as signals for longitude,
545.

Rosse, Earl of, his gi-eat reflector, 870.
882. His account of nebulte, 870.
882.

Rotation, diurnal, 58. Its effect on
figure of the earth, 224 Of the
liarth demonstrated, 231... Paral-
lactic, 68. Of planets, 509... Of
Jupiter, 512. Of fixed stars on their

axes, 820.

Russell, his charts and globe ofthe moon

,

437.

Sadler, two sunrises and sunsets ob-
served by, in one day, 26.

Saros, 426.

Satellites of Jupiter, 511. Of Saturn,
618. 547. Nomenclature of, 548. note.

Kemarkable relation of periods
among, 55U. Discovery of an
eighth, 548. Of Uranus, 523. 562.
Of Neptune, 524. 553. Used to de-
termine masses of their prim.uicii,

532. Obey Kepler's laws, 633.
Eclipses of Jupiter's, 635. . . Longi-
tude determined by (see Longitude).
Relations among Uieir motions, 542.
Other phenomena of, 540. Their
dimensions and masses, 540. Dis-
coveiy, 544. Velocity of light as-

certained from, 545.

Saturn, remarkable deficiency of den-
sity, 508. Rings of, 514. (See
Rings.) Physical description of,

SI4. Satellites of, 547. and Appen-
dix. {See also elements in Appen-
dix.)

Schehattien, its attraction measured,
776. e.

Schmidt, his observations of solar

eclipses. 395.

Schwabe, nis discovery of periodicity

of solar spots, 3&4. a. Of exeentri-
city of Saturn's rings, 519. note.

Sea, proportion of its depth to radius
of the globe, 31. Its action iu mo-
delling the external form of the
earth, 227.

S«a«)>iscxplained,362... Temperature
of, 366.

Sector, zenith, 192.

Secular variations, how detected, 385.
Explained, 655...

Selenography, 437.

Sextant, 193...

Shadim, dimensions of the earth's, 422.

428. Cast by Venus, 267. Of Ju-
piter's satellites seen on disc, 540.

Shooting stars, 115. Used for finding
longitudes, 265. Periodical, 900.
(See Meteors.)

Sidereal time, 110. 143. 910. Tear.
(See Year.) Day, 144. (See Day.)

Signals, rocket, 545. Telegraphic,
259...

Signs of zodiac, 380.
Siritu, its parallax and absolute light,

818. Its revolution about an unseen
center, 859.

Situation, angle of, 311.
Solar cycle, 921.
Solstices, 363.

Space, question as to itfl absolute
transparency, 798.

penetrating power, 803.
Sphere, 95. Projections of, 2S0. At-

traction of, 735. note.

Spherical excess, 277.
Spheroid, attraction of, 238.

Spheroidai form of Earth («ee Earth)
produces inequalities in the moon's
motion, 749.

Spots on Sun, 339... Seen with naked
eye, 387. 394. a. Size of, 386. Na-
ture of, 389. Movements of, 390.

Duration of, 394. Periodicity of,

394. a. Cionnection with our sea-

sons, 394. b.

Spring, proposed t<5eof for determining
variation of gravity, 274.

Stars, visible by doy, 61. Fixed and
erratic, 297. Fixed, 777... Their
apparent magnitudes, 778... Com-
parison by an astrometer, 783. Law
of distribution over heavenj, 786...

alike in either hemisphere, 794.

1.
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INDEX. 713

Parallax of certain, 815. Discs of,

816. Real bize and absolute light,

817. Periodical, 820... Temporary,
827. Irregular, 830. Missing, 832.

Double, 833... Coloured, 851. and
note. Proper motions of, 852. Ir-

regularities in motions accounted
for, 859. Clusters of, 864... Nebu-
lous, 879... Nebulous-double, 880.

Stationary points of planets, 459. How
determined, 475. Of Mercury and
Venus, 476.

Stereographic projection, 281.
Slicklastad, eclipse of, 926. and Table.

933. c.

Stones, meteoric, 899. Great shower
of, lb.

Struve, his researches on the law of
distribution of stars, 793. Discovery
of parallax of a Lyrre, 813. Ca-
talogue and observations of double
stars, 835.

Siruve, Otto, his researches on proper
motions, 854. His conjecture of the
increase in breadth of Saturn's ring,

622. a.

Style, old and new, 932.
Sun, oval shape and great size on

horizon explained, 47. Apparent
motion not uniform, 34. Beams
converging, 116. Orbit elUptic, 349.
Greatest and least apparent diame-
ters, 348. Actual distance, 367.
Magnitude, 338. Rotation on axis,

359, 360. Mass, 449. Physical con-
stitution, 386. Spots, ib... Its pa-
rallax, 355. Light not polarized,

3»7. note. Its interior envelope, '^
389. a. Its pores, 387. Faculee,

388. Situation of its equator, 390. .

.

Maculiferous zones of, ;*t)3. Atmo-
.^phere,396. Its rose-coloured clouds,

395. Relative illumination of cen

Synodic revolution, 418. Of sun and
moon, ib.

System, solar, its motion in space,
858...

T.

perature, 396. Expenditure of heat,

397. Action in producing winds, ^

&c. 399. Speculation on cause of
^ts heat, 400. and note, 905. a, b.

Eclipses, 420. Density of, 499.
Natural center of planetary system,
462. Distance, how determined, 479.

Its size illustrated, 526. Action in

.producing tides, 7i>l. Proper motion
of, 854... Absolute velocity of in

space, 858. Central, speculations on,
861.

Sunsets, two witnessed in one day, 26.

Superposition of small motions, 607.
Survey, trigonometrical nature of, 274.

3 A

Talis of comets. (See Comets.)
Tangential force and its effects, 618.
Momentary action on perihelia, 673.
Wholly influential on velocity, 660.
Produces variations of axis, ib...

Double the rate of advance of lunar
apsides, 686. Of Neptune on
Uranus, and its effects, 774.

Telegraphic signals, 259...
Telescope, 1 54. Its application to iis-

tronomical instruments, 117. For
viewing the sun. (Sec Helioscope.)

Telescopic sights, invention of, 158.,
cote.

Temperature of earth's surface at diffe-

rent seasons, 366. In South Africa
and Australia, 369. Of the sun, 396.

Temporary stars, 827...
Tethys, 548. note.

Tholes, eclipse of, 933. a. 926. Table.
Theodolite, 192. Its use in surveying,

276.

Theory of instrumental errors, 141. Of
gravitation, 490. . . Of nebulous sub-
sidence and sidereal aggregation,
872.

Thomson, Prof., his estimate of the
sun's expenditure of heat, 397. a.

His theory of the source of do., 905.
a.

Tides, a system of forced oscillations,

651. Explained, 750... Priming
and lagging of, 753. Periodical in-

equalities of, 755. Instances of very
high, 756.

ter and borders, 386... 396. Tem- . .Time, Sidereal, 110. 327. 911. Local,
129. 152. 252. Sidereal and scVj,
243. Mean md apparent ^tidereal,

327. Measures angular motion,
149. How itself measured, 150...
Very small intervals of, 150. Equi-
noctial, 257. 925... Measures, units,

and reckoning of, 906... Required
for light 0(' stars to reach the earth,
802.

T:tan, 548. note.

Titiui, Pix)f., his law of planetary dis-

tances, 505. note.

Torsion balance used to raoosare den-
sity of the earth, 776. i.

Trade winds, 239...
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Transit iTUtrumenl, 159. .•

Transits of stars, 152. Of planets

across the snn, 467. Of Venus, 479

...Mercury, 483. Of Jupiter's satel-

lites across disc, 540. Of their sha-

dows, 549.

Transparency of epace, supposed by
Olbers imperfect, 798.

Transversal disturbing force, and its

effects, 615...

Triangles ill-conditioned, 275. On aa
ellipsoid, 276.

Trigonometrical survey, 274.

Tropics, 93. 380.

Twilight, 44.

U.

Umbra in eclipses, 420. Of Jupiter,

538.

Umbriel, 551,

Uranography, 111. 300.

Uranographical corrections, 342. . . Pro-

blems, 127... 309...

Uranometry, 118.

Uranus, discovery of, 505. Heat re-

ceived from sun by, 508. Physical

description of, 523. Satellites of,

651. Perturbations of by Neptune,

760... Old observations of, 760,

V.

Vanishing point of parallel lines, 116.

Line of parallel planes, 117.

Variation of the moon explained,

705...

Variations of elements, 653. Perio-

dical and secular, 655. Incident on
the epoch, 731.

Velocity, angular, of sun not uniform,

350, Linear, of sun not uniform,

351. Of planets. Mercury, Venus,
and Earth, 474. Of light, 545. Of
shooting stars, 899. 904.

Venus, synodic revolution of, 472. Sta-

tionary points, 476. Velocity of, 474.

Phases, 477. Point of greatest

brightnes.., 478. Transits of, 479.

Physical depcription and appearance,
509. Inequality in earth's motion

produced by, 726. In that of the

mpon, 743...

Vernier, 97,

Vertical, prime, 102. Circles, 100.

Vesta, discovery of, 505.

Via Lactea. (See Galaxy.)
Villarceaux, M. Yvon, his oi-bits of

double stars, 843. .

w;

Watershed, 289.

Watherson, his theory of the sun's

heat, 905. a.

Weight of bodies in diiTerent latitudes,

322. Of a tody on the moon, 508.

On the snn, 450.

Welsh, his balloon ascents, 32.

Wlieatitoue, his measurement of the

veJocity of electricity, 545.

Whipple, his photographs of the moon,
437.

Winds, trade, 240...

Witte, Madame, her models of the

moon, 437.

Wolf, his period of the solar spots,

394. a,

Wollaston, Dr., his estimate of the

comparative light of the sun, moon,
and stai-s, 817...

Year, sidereal, 305. Tropical, 383.

Anomalistic, 384., and day incom-

mensurable, 913. Leap, 914. Of
confusion, 917. 932. Beginning of,

in England clianged, 932.

Z.

Zenith, 99. Sector, 192.

Zodiac, 905.
Zodiacal light, 899.

Zones of climate aad latitude, 382.

THE END.
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ENGLISH EDITION OF FRANCOIS ARACO'S WORKS.

Now* complete, in 2 vols. 8vo. illustrated with a Series of 25 Plates

and 358 Woodcuts, price 45s. clotli,

POPULAE ASTRONOMY
By FRANCOIS ARAGO, Member of the Institute.

TllANSLATED FROM THE OllIGINVL AND EDITED DY

Admiral W. H. SMYTH, D.C.L., I?oii. Sec. KS., and ROBERT GRANT, M.A.

The Two Volumes may be had separately .—

Vol. T. with 19 Plates and 22C Woodcuts and Diagrams ...8vo. price 2l9.

Vol. II. with 6 Platea and 132 Woodcuts and Diagrams .,.8vo.. price 249,

Critical OriNiONS of the Second Volume.
•* T7ROM the finished and accurate manner in

J- which the trftiislatlou is eflfectcd, retlectinK

tliohiKhfist credit ui>on the eUitors, tho position of

this work, na an authentic reflex of one of the

KreatcBt modern uhiloflophere, will be indisputably

and justly pre-eraunnt," Jomr Bull.

"THIS excellent edition and translation of
- Arago'8 Popul<jr Astrnnnmy is now corapleto;

and tlie two Tolumes form a treatise very in-

terestiui? by reason of tho multitude of its details,

which are all well clafsifled, sufliciniitly iHuBtratcd,

and Indexed, The English wot I. is an edition

as well aa a tranBlation, and amonfj tho duties
impofled on Ita editorB was tlmt >f aupplyinff the ocni-

Bional defect ia the Frenr>, i momer'i recognition

of tho claim* of EngUth ci.i" -, idpcciHlly conspicuouB

inUie trtatmenlof Mrj Adrn' , English joint-discoverer

with M. Le Verrier of the i^lanet Neptune. Upon M.
Arago's Renius a« an Astronomer we need not dwell. Hia
book or Astronomy will tiike its proper place among
btan-iard authorities on English siielves." Examiner.

** rpH IS volume completes the Enjclish versi a
J- of M. Arago's Popular Astronomy. It con-

tains no less than aw putres, althoagh the editors,

witli sound ludgmont, have omitted certain pas-

sages which. howcTer interesting to French readers

us relating to matters peculiarly apjie^taining to

France, have no eft'ect on tho completeness of

the work as a treatise on astronomj They Itavo

retained much that can scarcely i j considered
i-.H coming wiUiin the province of aatrocom> ; hut iu

Ihosu Inbtancea they liave beei, influenced by the

interest to an inquiringmln''. of lheBal:jectB,and the luc'-l

manner in which the autlior has disci; »cd them- In

crder to adapt the work to the o'esent slate of astronomy,

the editors hare in an appendix continued the catalogue

of cometary orbila, so as to embody all the most recent

discoveries i including a statement of the principal Tacts

relating to the comet discovered by Dr. Donati on the 2d

of June, lb68. They have also abridped the chantera

dptoted to the minor planets, and Uierehy increased the

value of the volume." Mornino Post.

"rpHEwork itself, in its English form, is to
* be recommended, niul strongly recommemled,

to the popular reader The book hau Arauo's admirahle
pcriipii:uily from beginning to end The reader ivitl

find a mass of amusing matter, provided only that he
takes an interest in the subject : the lecturer will find a
mine of buggmtions whldi, with proper caution, may
CDiible him to diversify and enliven his matter. For it is

otie of tiie best characteristics of the work, that nothing
of itliyt(u:e which can be drawn into Uie suhjeet ia left out
uflt." ATUKNJKUH.

** THE second volume of this msf^nificent
•* work Is iK)w before the public, and brings

the author's exposition of popular astronomy to Us close.

Some of the huhjects treated in this work are not usually
considered an coming within tho province of astronomy ;

but the translators deem them so interesting to every
inquirmg mind, and they are discussed ao lucidly by the

author, that they are preserved in the tran&lation. In
order to adapt the book as much as poasib'e to the present
state of astronomy, the editors have, in the appendix,
continued the catalogue of cometary orbits oown to the
most recent time, so aa to embody all the latest dlscoverieft,

including the facts relating to Donati's comet. The
numerical results are in the translation express4>d in

Kn(?liih measures; and the resulta of Uie centigra<'j

thermometer are accompanied by the corresponding nu.n-
bers expressed in terms of the Fahrenheit scale. The
illustrations of this volume are splendid. The froutis-

piece, a view of Saturn, is a work that does honour to

Uie engraver: we have rarely seen anythina more exqni-
b.e In this style of art. The plates of solar sclipaes are

sonrcely less beautiful. There is an abundance of womi-
cuts; and in every respect tliis improved English edition

ol an import.;nt work is highly creditable to the editiirs

uid publialters. There are few works on astronomy that

can stand comparison with tJiis. Arago wrote'in a very
clear style; and alt hia clearness of expression is pre-
served in the translation ; while tlie notes added by tho
English editors ore well calcul.ited to prevent those leas

ekilled ^n the science from falling mto errors. Tha
author's reputation as an astronomer is wotld-wld*' ^u'l.

he Has not tnfalliblo in the science of which he w ^ a pro-

fessor. Some of his views were undoubtedly erroneous:
and his work, is iraproTcd by the editorial labours of

Admiral Smyth and Mx. Grant." MusMJio Hek^^lp .

In the same Series, uniformly printed,

AMGO'S BIOGRAPHIES OF DISTINGUISHED SCIENTIFIC MEN.
Translatod by Admiral W. H. Smyth, D.O.L., For. Sec. E.S. ; the Bev. Badkn
PowBLL, M.A.; and EoBBBT Gha^t, M.A 8vo. price 18s.

OBAPHY : I 4. LAPLACB ;
7. UALUS

;

10. JAMBS WATT (wlth Note

2. BAIIiLY; I 5. JOBBPH TOUEIEB; ' 8. BBBSNBL; by W. BAIBBAXBK, P.B.S.)

ARAGO'S METEOROLOGICAL ESSAYS.
With an Introduction by Baron Humboldt. Translated under tho Superiutundenoo

of Major-Qeneral E. Sabinb, E.A., Treasurer and V.P.E.8 8vo. price ISs.
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THE AUTHORISED ENGLISH TRANSLATION.

Tlie Library Edition, in post 8vo. price 158. cloth ! also a Cheaper Edition, in 16mo.
price 78. sewed j or 7». 6d. oloth,

HUMBOLDT'S COSMOS;
OR,

SKETCH Of A PHYSICAL DESCRIPTION OF THE UNIVERSE.

Vol. IV. Pabt I.

Translated, with the Author's sanction and co-operation, under the superintendence of

MAJOE-GENERAL EDWARD SABINE,
U.A., D.C.L., V.P. and Trcas. R.S.

From tht Atebn^om, NoTomber 6, 1858.

THE student of nature lingers lovingly
•• over Iter wonders, M they are gradually
unrolled before him. In 1844, Humboldt
wrote:—i« the late evening of a varied and
active life, I offer to the Herman public a work
ofwhich the undefined type haa been present to
mn mindfor alinott hatf-a-centurp .- and now,
in 1858, we are presented with the first portion
of the Fourth Volume. Looking into the
pnst, and surveying the varied and active life
of this eloquent and aged philosopher, we find
a youth whose

_, Joy was ill tlio wlIderncsB, to breathe
Tlio dIfflpuU air oftlio Iced mountain's top,
Where the birds dure not build, nor Insect's wing
J lit o'er the herblesa itranito ; or to plunge
Into the torrent, and to roll aloiiij
On the swift whirl of the new breaking wave
Of river-stream, or ocean, in thslr flow.

In 1824, Humboldt ifave to the world his At-
pccti of Nature, a series of papers which took
their origin in the pretence of natural icenea of
grandeur or of beauts/,— on the ocean, in the
forettt of the Orinoco, la the Steppet of Vene-
tuela, and in the mountain vildemesiet ofPeru
and Mexico. In 1840 we find Humboldt pro-
ducing' a new edition of this work, and saymir,
In mi/ eightieth year I am still enabled to enjoy
the t'ltlifaction of completing a third edition
of my work, remoulding it entirdj/ afreth to
meet the requirementi of the present time,—
and hoping that thete volumes mii/ht tend to
inspire and cherish a love for the study of
nnture. When we consider that the vohime
before us is the work of a man in his eigh*y.

ninth year—of a man whoso life has been
one oflaborious toil—we cniinot but regard it as
a surprising production, lie discourses clearly,
learnedly, and with much of his former elo-
quence, on the Density of the Earth, Subter-
ranean Heat, Terrestrial Magnetism, Earth-
quakes, and Volcanoes. We have no other
book in which the great phenomena of nature
are so lucidly described and so carefully ex-
amined. In Cosmos we have a digest of all
the observations which men have made from
the days of Pliny to c-ur own time ; and the
results of experiment and thought, extended
oyer an equally long period of ti e, are suc-
cinctly set forth. Cosmos is not, ii cannot be,
in [the modern sense of the term a popular
book ; it is a work to be read over with care, and
to be pondered on. For those, however, who
desire to know instead of to appear to know,
such a book as Cosmos is a time-saving trea-
sure J the authority for every statement is given,
so that the originals can always be referred to,
if desired— It is right to remark that Ocneral
Sabine has added to his translation much valu-
able matter on the Bllipticity of the Barth, on
the Magnetic Disturbances, with which re-
markable phenomena, and with discoveries

,

in connection therewith, and their dependence
on solar forces, the name of Sabine is so in-
timately connected,— and on the Solar Diurnal
Variation of the magnetic Declination. Those
F.ssays by General Sabine, which do not appear
in the first edition of this volume in German,
are being translated into that language, and
will appear in tlie second edition.

The preceding Parts of Cosmos may stiU be had. Vols. I. and II. 16mo
ilalf-a-Lrown each, sewed

; 'is Gd. each, cloth : or in post 8vo. 12s. each, cloth.
Vol III. post 8vo. 12» 6d. cloth : or in 16mo. Pakt I. 2«. Qd. sewed, 3«. 6d. cloth

;

and Part 11. 3s. sewed, 4«. cloth. Also, uniformlij printed,—
HDMBOLDT'S ASPECTS of NATURE in Different Lands and Different

Climates i With Scientific Elucidations. Translated, with the Autlior's sanction and
oo-oporation and at his express desire, by Mrs. SABINE. ]6mo. 6*. cloth ;

2 vols. 2,s. 6rf. each, sewed j 3*. %d. each, oloth.
or in

London
:
LONGMAN, GREEN, and CO., Paternoster Row

;

and JOnN MUBEAY, Albemarle Street.

"Tiiifii-iiriiiii M n^ \i^Mi!^f^Mi''^'^:^t&'.sk^i%~>f^f:irMn^^mg^.
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THE CAPITAL OP THE TYCOON : A Nanative of a
Three Years' Residence in Japan. By Sir Ruthehford Alcock, K.C.B.,

Her Majesty's Envoy Extraordinary and Minister Plenipotentiary in

Japan. 2 vols. 8vo. with Maps and above 100 Illustrations. [Just ready.

a

THE LIFE OF SIR JOHN ELIOT. By John Forster.
With Two Portraits, from original Paintings at Port Eliot. 2 vols,

post 8vo. uniform with ' The Arrest of the Five Members,' by the same
Author. [Just ready.

HISTORY OF THE REFORMATION IN EUROPE
IN THE TIME OF CALVIN. By J. H. Meiile D'Aubign£, D.D.,

President of the Theological School of Geneva, and Vice-President of

the Soci^te Evangelique ; Author of History of the lieformation of tie

iSictsenth Century. Vols. I. and II. 8vo. [Just ready.

THE PENTATEUCH AND BOOK OF JOSHUA, Criti-

cally Examined. Part I. the Pentateuch Examined as an Historical

NaiTative. By the Right Rev. .John William Colknso, D.D., Bishop

of Natal. Second Edition, revised. 8vo. 6s. Part II. the Age and
Atithorship of the Pentateuch Considered, is nearly ready,

THE STORY OF A SIBERIAN EXILE. By M. Elfin
Pietrowski. Followed by a Narrative of Recent Events in Poland.

Translated from the French. Post 8vo. [ Nearly ready;-
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REMINISCENCES OF THE LIFE AND CHARACTER
OF COUNT CAVOUR. By William De la Rive. Translated from

the French by Edward Romilly. 8vo. 8s. 6f/.

JEFFERSON AND THE AMERICAN DEMOCRACT :

An Historical Study. By Corn^lis De Witt. Translated, with the

Author's penniflsion, by R. S. H. Church. 8vo. 145.

8

DEMOCRACY IN AMERICA. By Alexis De Tocqueville.

Translated by Henry Reeve, Esq. New Edition, with an Introductory

Notice by the Translator. 2 vols. 8vo. 21s.

AUTOBIOGRAPHY OF THE EMPEROR CHARLES V.

Recently Discovered in the Portuguese Language by Baron Kervyn De
Lettenhove, Member of the Royal Academy of Belgium. Translated

by Leonard Francis Simpson, M.R.S.L. Post 8vo. 6s. 6^.

THE LAW OF NATIONS CONSIDERED AS INDE-
PENDENT POLITICAL COMMUNITIES. By Travers Twiss,

D.C.L., Regius Professor of Civil Law in the University of Oxford, and

one of Her Majesty's Counsel. Part I. The Right and Duties of

Nations in Time of Peace. 8vo. 12«.

Part II. The Right and Duties of Nations in Time of War, is in

preparation.
'

THE CONSTITUTIONAL HISTORY
since the Accession of George III. 1760—1860

May, C.B. In Two "Volumes. Vol. I. 8vo. 15s. Vol. II. in

preparation.

OF ENGLAND,
By Thomas Erskine

THE PRINCE CONSORT'S FARMS; An Agricultural

Memoir of H. R. H. the late Prince Consort. Prepared, with the sanction

and permission of Her Majesty the Queen. By. J. C. Morton. 4to. with

30 pigea of Illustrations, comprising Maps of Estates, Plans, Sketches,

and "Vlews in Perspective of Farm Buildings and Cottages.

[JVmr/y ready.
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THE HISTORY OP ENGLAND, from the Accession of

James 11. By the Kight Hon. Lord Macaulay. Library Edition.

5 vols. 8vo. £1.

LORD MACAULAY'S HISTORY OF ENGLAND, from tho

Accession of James II. New Edition, revisid and corrected, with

Portrait and brief Memoir. 8 vols, post 8vo. 48a.

14

THE HISTORY OP PRANCE. (An entirely new Work,
in Four Vohuues.) By Evrk Evans Crowe, AuAor of the ' History

of France,' in the Cabinet Cyclopwdia. 8vo. Vol. I. 14s. ; Vol. II. 15«.

•„• The Third Volume is in the press.

ift

A HISTORY OP THE ROMANS UNDER THE EMPIRE.
By the Rev. Charles Merivale, B.D., late Fellow of St. John's College,

Cambridge. 7 vols. 8vo. with Maps, £5 6s.

By the same Author.

THE PALL OP THE ROMAN REPUBLIC: A Short

History of the Last Century of the Commonwealth. 12mo. 7s. &d.

A CRITICAL HISTORY OP THE LANGUAGE AND
IITEBATUBE OF ANCIENT GBEECE. By William Mure, MP.,

of Caldwell. 5 vols. 8vo. £'d. 9s.

17

THE HISTORY OP GREECE. By the Eight Eev. the

Lord Bishop of St. David's (the Rev. Connop Thirlwall). 8 vols. 8vo.

with Mapr, jg3 ; an Edition in 8 vols. fcp. 8vo. 28s.

M
HISTORICAL AND CHRONOLOGICAL ENCYCLOPiBDL^,

presenting in a brief and convenient form Chronological Notices of all

the Great Events of Universal History ; including Treaties, Alliances,

Wars, Battles, &c. ; Incidents in the Lives of Great and Distinguished

Men and their Works ; Scientific and Geographical Discoveries

;

Mechanical Inventions, and Social, Domestic, and Economical Improve-

ments. By B. B. Woodward, F.S.A., Librarian to the Queen. 8vo.

[/n the press.
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THE ANGLO-SAXON HOME: a Ilistorj- of tlio Domestic
Institutions nnrl Customs of England, from the Fifth to the Eleventh
Centxirv. Bv John Tiiripp. 8vo. 12a.

so

LIVES OP THE QUEENS OP ENGLAND. By Agnes
Strickland. Dedicated, by permission, to Her Majesty ; embellixlied
witli Portraits of every Queen. 8 vols, post 8vo. COs.

it-

LIVES OP THE PRINCESSES OP ENGLAND. By Mrs.
Maiiy Annk Everett Greek. With numerous Portraits, C vols, post
8vo. e.*},?.

n
LORD BACON'S WORKS. A New Edition, collected and

edited by R. L. Em.is, M.A. ; J. SpEnniNO, M.A. ; and D. D. Heath,
Esq. Vols. I. to V., comprising the Division of Philosophical Works.
5 vols. 8vo. £4. C.9. Yoi.s. VI. and VII., comprising the Division of
Literary ami Professional Works. 2 vols. 8vo. £\. 16s.

THE LETTERS AND LIPE OP PRANCIS BACON,
including all his Occasional Works and Writings not already printed
among his Philosophical, Literari/, or Professional Works. Collected
and chronr.logically arranged, with a Commentary, biographical and
historical, by J. Spedding, Trin. Col. Cam. Vols. I and II. 8vo. 24s.

MEMOIR OP THE LIPE "oP SIR M. L BRUNEL,
Civil Engineer, &c. By RiciiAnn Beamish, F.K.S. Second Edition,
revised; with a Portrait, and 16 Illustrations. 8vo. 14s.

LIPE OP ROBERT STEPHENSON, P.R.S., late President
of the Institution of Civil Engineers. By John Cordv Jeaffreson,
Barriater-at-Law

; and William Pole, Member of the Institution of
Civil Engineers With Poi-trait and Illustrations. 2 vols. 8vo.

[//I the press.

THE LIPE OP SIR PHILIP
Julius Lloyd, M.A. Post 8vo. 7?. Gd.

SIDNEY. By the Eev.
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THE ROLL OP THE ROYAL COLLEGE OP PHYSICIANS
OF LONDON ; compiled from the Annals of the College, and from

other Aiitlicntic .Sources. By Wii.mam Mink, M.D., lellovr of the

College, tic, Voi.s. I. and II. 8vo. 12a. each.

THE HISTORY OP MEDICINE : Comprising a Narrative
of its Progress, from the Karliest Ages to the Present Time, and of the

Delusions incidental to its advance from Empiricism to the dignity of a

Science. By EuwAnn Mkrvon, M.D., F.G.S., Fejlow of the Uoyal

College of Physicians, Ac. Vol. I. 8vo. 12*. Gd.

MATERIALS FOR A HISTORY OP OIL PAINTING.
By Sir Ciiahlks L. Easti.ake, U.A. 8vo. 16s.

M
HISTORY OP THE ROYAL ACADEMY OP ARTS.
From its Foundation in 17G8 to the Present Time : With Biographical

Notices of ill 1 the Members. By William Sanduv. With 14 Illustra-

tions. 2 vols. 8vo. 80s.

HALF-HOUR LECTURES ON THE HISTORY AND
PRACTICE of the FINE and ORNAMENTAL ARTS. By William

B. Scott, Head Master of the Government School of Design, Ncwcastle-

on-Tyne. 16mo. with 50 Woodcuts, 8s. 6rf.

SAVONAROLA AND HIS TIMES. By Pasquale Villari,

' i feasor of History in the University of Pisa; accompanied by new

jDocuments. Translated from the Italian by Leonarij HoRNEn, Esq.,

F.R.S., with the co-operation of the Author. 8vo. \_Nearlij ready.

33

LIPE OP RICHARD PORSON, M.A., Professor of Greek

in the University of Cambridge from 1792 to 1808. By the Kev. J. S.

Watson, M.A. With Portrait and 2 Facsimiles. 8vo. 14s.

By the same Author, nearly ready.

LIPE OP BISHOP WARBURTON.
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BIOGRAPHIES OP DISTINGUISHED SCIENTIFIC MEN.
By FiiAN^ois Akaoo. Tran«lutod by Admiral W. II. Smyth, D.C.L.,
F.R.S., &c,

; the Rev. B. Powell, M.A. uul li Ghant. M.A., F.R.A.S
. 8vo. 18».

/?// the same Author,

METEOROLOGICAL ESSAYS. With an Introduction l.y
Baron Humboldt. Translated un,. , the superintendence of Major-
General E. o^bine, R.A., V.P.R.8. 8vo. ISs.

POPULAR ASTRONOMY. Translated and edited by
Admiral W. II. Smyth, D.C.L., F.R.S. ; and R. Ghant. M.A., F.R.A.S.
With 25 Plat.'s and 358 Woodcuts. 2 vols. 8vo. £2. bt.

TREATISE ON COMETS, from the above, price 5«.

ss

LIFE OP THE DUKE Oi' WELLINGTON, partly from
the French of M. Brialmont

; partly li-oin Original Docnments. By
the Rev. G. R. Gleio, M.A., Chaplain-General to H.M. Forces. New
Edition, in One Volume, with Plans, Maps, and a Portrait. 8vo. 15s.

MEMOIRS OF SIR HENRY HAVELOCK, Major-
General, K.C.B. By John Clark MARSHM.uf. With Portrait, Map
and 2 Plans. 8vo. 12«. 6rf.

MEMOIRS OP admiral" PARRY, THE ARCTIC
NAVIGATOK. By his Son, the Rev. E. Parky, M.A. Seventh
Edition

;
with Portrait and coloured Chart. Fcp. 8vc.. 5«.

VICISSITUDES OP FAMILIES. By Sir Bernard Burke,
Ulster King of Arms. First, Second, and Third Series. 3 vols,
crown 8vo. price 12s. 6c?. each.

GREEK HISTORY FROM THEMISTOCLES TO ALEX-
ANDER, in a Series of Lives from Plutarch. Revised and arranged by
A. H. Clouqh, sometime Fellow of Oriel College, Oxford, With 44
Woodcuts. Fcp. 8vo. 6«.
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By the game Author,

TALES OP THE GODS AND HEROES. With Land-
Bcapo I llust rations from DrawingH by the Author. Fcp. 8to. ba.

THE TALE OP THE dREAT PERSIAN WAR, from the
lliHtorics i.)i Herodotus. With 12 WuodcutH. Fop. 8vo. 7a. Gd.

A DICTIONARY OP ROMAN AND GREEK ANTI-
QUITIES, with nearly 2,000 Wood Engravings, representing Objects

from the Antique, illustrative of the InduHtrial ArtH and Social Life of

the Greeks and Romans. Being the Second Edition of the Illustrated

Companion to the Latin Dictionary and Oretk I.i jicon. By Anthony
Rich, Jun., B.A. Post Svo. 12s. Gd.

ANCIENT HISTORY OP " EGYPT, ASSYRIA, AND
BABYLONIA. By Elizabeth M. Skwili,, Author of ' Amy
Herbert,' Ac. With Two Maps. Fcp. Svo. Gs.

By the same Author.

HISTORY OP THE EARLY CHURCH, from the First

Preaching of the Gospel to the Council of Nicaia, a.d, 325. Second

Edition. Fcp. Svo. U, dd.

MEMOIR OP THE REV. SYDNEY SMITK By his

Daughter, Ladt Holland. With a S( ' -otion from his Letters, edited

by Mrs. Austin. 2 vols. Svo. 28».

THOMAS MOORE'S MEMOIRS, JOURNAL, AND COR-
BJiSPOirDEnCE. People's Edition. With S Portraits and 2 Vignettes.

Edited and abridged from the First Edition by the Right Hon. Earl

Russell. Square croMm Svo. 12«. Gd.

SPEECHES OP THE RIGHT HON. LORD MACAULAY,
Corrected by Himself. New Edition. Svo. 12s.

LORD MACAULAY'S SPEECHES ON PARLIAMENTARY
BEFOBK IN 1831 AND 1832. Reprinted in the Traveller's

Library. 16mo. Is.
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SOUTHEY'S LIFE OF WESLEY, AND RISE AND
PROGRESS OF METHODISM. Fourth Edition, with Notes and

Additions, Edited by the Rev. C. C. Southev, M.A. 2 \ol.s.

crown 8^0. 12a.

47

THE HISTORY OF WESLEYAN METHODISM. By Georgk
Smith, F.A.S., Member of the Royal Asiatic Society, <Src. 3 vols.

crown 8vo. 31.t. 6rf.

48

THE VOYAGE AND SHIPWRECK OF ST. PAUL:
With Dipsertations on the Life and Writings of St. Luke, and the Ships

and Navigation of the Ancients. By James Smitji, of Jordanhill, Esq.,

F.R.S. Second Edition ; with Charts, &c. Crown 8vo. 8.«. Qd.

THE LIFE AND EPISTLES OF ST. PAUL. By tlio

Rev. W. J. CosYBEARE, M.A., late Fellow of Trinity College, Cambridge

;

and the Rev. J. S. IIowson, D.D., Principal of tlic Collegiate In.sti-

tution, Liverpool. People's Edition, condensed; vith 46 Illustrations

and Maps. 2 a'o1>?. crown 8vo. I2s.

CONYBEARE AND HOWSON'S LIFE AND EPISTLES
OF ST. PAUL. New Edition of the Intermediate Edition ; with a

Selection of Maps, Plates, and Wood Engravings. 2 vols, square crown

8vo. 31s. G(/.

CONYBEARE AND HOWSON'S LIFE AND EPISTLES
OF ST. PAUL. The Original Library Edition, with more numerous

Illustrations. 2 vols. Ito. 48^.

so

THE GENTILE AND THE JEW IN THE COURTS
OF THE TEMPLE OF CHRIST. An Introduction to ihc History

of Christianity. From the German of Professor DoLi-iNCEit, by the

Rev. N. Darnell, M.A., late Fellow of New College, Oxford. 2 vols.

8vo. 21s.

PORT-ROYAL ; A Contribution to the Hi.story of Eeligion

and Literature in France. By Ghaules Beard, B.A. 2 vols, post 8vo.

price 24s.
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mPOLYTUS AND HIS AGE ; or, the Beginnings and
ProspecU of Christianity. By C. C. J. Bunskn, D.D., D.CL D Ph
2 vols. 8vo. 30s.
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By the same Author.

OUTLINES OP THE PHILOSOPHY OF UNIVERSAL
HISTORY, applied to Language and Keligion : Containing an Account
of the Alphabetical Conferences. 2 vols. 8vo. 33s.

ANALECTA ANTE-NIC-ffiNA. 3 vols. 8vo. 42^.

EGYPT'S PLACE IN UNIVERSAL HISTORY: An
Historical Investigation, in Five Books. Translated from the German
by C. H. CoTTRELL, M.A. With many lUustrations. 4 vols. 8vo
£5. 8s. "^

, v., completing the work, is in preparation.

A NEW LATIN-ENGLISH DICTIONARY. By the Eev
J. T. White, M.A., of Corpus Christi College, Oxford ; and the Rev.
J. E. Riddle, M.A., of St. Edmund Hall, Oxford. Imperial 8vo. 42s.

A GREEK-ENGLISH LEXICON. Compiled by Henry
Geo. Liddell, D.D., Dean of Christ Church ; and Robert Scott, D.D.,
Master of Ealliol. Fi/lh Edition, revised and augmented. ; ro^ra 4to!
price 31s. Gd.

A LEXICON, GREEK AND ENGLISH, abridged from
Liddell and Scott's Greek-English Lexicon. Ninth Edition, revised
and compared throughout with the Original. Square 12mo. 7s. Gd.
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ENGLISH-GREEK LEXICON, Containing
all the Greek Words used by Writers of good authority. By Charles
Duke Yonge, B.A. Second Edition, thoroughly revised. 4to. 21s.

66

JOHNSON'S DICTIONARY OP THE ENGLISH LAN-
GUAGE. A New Edition, founded on that of 1773, the last publislied
in Dr. Johnson's lifetime : with numerous Emendations and Additions
By R. G. Latham, M.D., F.R.S. 2 vols. 4to. to be published in Monthly
Parts. Part I. early in 18G3.

THESAURUS OP ENGLISH WORDS AND PHRASES
classified and arranged so as to facilitate the Expression of Ideas, and
sissist in Literary Composition. By P. M. Roget, M.D., F.R.S., Ac
2':i;el_/th Edition, revised and improved. Crown 8vo. 10s. Gd.



General List of New Woi^ka

A PRACTICAL DICTIONABY OP THE PBENCH AND
ENGLISH LANGUAGES. By L£on Contanseau, lately Professor of

the French Language and Literature in the Koyal Indian Military

College, Addiscombe (now dissolved) ; and Examiner for Military

Appointments. Fifth Edition, with Corrections. Post 8vo. 10s. M.

By the same Author.

A POCEET DICTIONABT OF THE FBJBNCH AND
ENGLISH LANGUAGES ; being a careful abridgment of the above,

preserving all the most useful features of the original work, condensed

into a Pocket Volume for the convenience of Tourists, Travellers, and
" English Readers or Students to whom portablility of size is a requisite.

Square 18mo. 5s.

89

LECTURES ON THE SCIENCE OF LANGUAGE,
delivered at the Eoyal Institution of Great Britain. By Max MOller,

M.A., Fellow of All Souls College, Oxford. Thii'd Edition, revised.

8vo. 12s.

60

THE STUDENT'S HANDBOOK OF COMPABATIVE
GEAMMAE, applied to the Sanskrit, Zend, Greek, Latin, Gothic,
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mation. By FI. C. For.KAi!D, Autlior A'The IViM/ow/er, &c. Third
Editi6n, enhirged

; witl> numerous Ilhisti .ionH. [/((»/ ready.

133

ATHLETIC AND GYMNASTIC EXERCISES: Comprising
1 14 E.KerciHCH and Feats of Agility. With ; I )eHcription of the requisite
Apparatus, and G4 WoodcutH. By John 11 Iowahd. lOiuo, 7s. (id.

134

THE LABORATORY OF CHEMICAL WONDERS: A
Scientific Melange for tho InHtniction and ijitortninmcnt of Y. iing
reople. By G, W. S. Pikssk, Analytical CheniHt. Crown 8vo. Tt^ iUl.

*

liif the same Author.

CHEMICAL, NATURAL, AND PHYSICiL MAGIC, fo the
Instruction and Entertainment of Juveniles du iig the Holiday Vaca-
tion. With 30 Woodcuts and an Invisible Portt it. Fcp. 8vo. 3s. Gd.

THE ART OP PERPUMERY; being he History and
Tlieory of Odours, and the Methods of Extracting ' le Aromas of Plants,
«S:c. Third PMition

;
with numerous additional 1 '^ipes and Analyses,

and 53 Woodcuts. Crown 8vo. 10s. G</.

THE CRICKET PIELD
; or, the History and tlie Science of

the Game of Cricket. By the licv. J. Pycrokt, B.A., Trin. Cull.

Oxon. Fourth Edition ; with 2 Plates. Fcp. 8vo. ba.

By the smne Author.

THE CRICKET TUTOR
; ti Treatisfe exclusiv ely Practical,

dedicated to the Captains of Elevens in Public Schools. 18mo. Is.
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THE WARDEN : A i!^'ovel. By Anthony Tbollope. New
and cheaper Edition. Crown 8vo. Ss. M.

By the same Author.

BARCHESTER TOWERS : A Sequel to the Warden. New
and cheaper Edition. Crown 8vo. 5s.

137

ELLICE : A Tale. By L. N. Comyn. Post 8vo. 9s. M.
13s

THE LAST OP THE OLD SQUIRES: A Sketch. By the
Rev. J. W. Warter, B.D., Vicar of West Tan-ing, Sussex. Second

. Edition. Fcp. 8vo. 4s. 6rf.

139

THE ROMANCE OF A DULL LIFE. Second Edition,
revised. Post 8vo. 9s. &d.

By the same Author.

MORNING CLOUDS. Second and clieaper Edition, revised
throughout. Fcp. 8vo. 5s.

THE AFTERNOON OF LIFE. Second and cheaper
Edition, revised throughout. Ecp. 8vo. 5.3.

PROBLEMS IN HUMAN NATURE. Post 8vo. 55.

HO

THE TALES AND STORIES OF THE AUTHOR OF AMY
HEEBEET. Now and cheaper Edition, in 10 vols, crown 8vo. price
£1. 14s. M.

;
or each work separately, complete in a single volume, as

follows :

—

AMY HEEBEET 2s. M. IVORS 3s. 6a'.

GERTRUDE 2s. 6(?. KATHARINE ASHTON . 3s. Qd.
The EARL'SDAUGHTER 2s. Grf. MARGARET PERCIVAL 5s. 0<?.

EXPERIENCE of LIFE... 2s. 6(f. LANETON PARSONAGE 4s. 6rf.

CLEVE HALL 3s. M. URSULA 4s. 6rf.

SUNSETS AND SUNSHINE '; or, Varied Aspects of Life.
By Erskine Neale, M.A., Vicar of Exning, and Chaplain to the Eai-1 of
Huntingdon. Post 8vo. 8s. Gd.

143

MY LIFE, AND WHAT SHALL I DO WITH IT?
A Question for Young Gentlewomen. By an Old Maid. Foiirth
Edition. Fcp. 8vo. 6s.
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DEACONESSES

: An E^ay on the Official Help of Women
in Parochial Work and in Charitable Institutions. By the Rev J S
HowsoN, D.U., Principal of the CoUegirte Institution, Liverpool. Fen'
ovo. 5s. ^

144

ESSAYS IN ECCLESIASTICAL BIOGRAPHY. By theEight Hon. Sir James Stephen, LL.D. Fourth Edition, with a Bio-
graphical Notice of the Author, by his Son. 8vo. 14«.

.By the same Author.

LECTURES ON THE HISTORY OP FRANCE Third
Edition. 2 vols. 8vo. 24s.
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^Tl^H^^ ^P .HISTORICAL ESSAYS contributed toThe Edinburgh Review. By the Eight Hon. Lord Macaulay. Foui-
Editions, as follows :

1. LiBRAnY Edition (the Tenth), 3 vols. 8vo. S6».
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^™'' '"''^ ^°'''"^* ""^ ^^Snette. Squai-e

3. Another New Edition, in 3 vols. fcp. 8vo. 21s.
4. The People's Edition, in 2 vols, crown 8vo. pidce 8s.

LORD MACAULAY'S MISCELLANEOUS WRITINGS-
comprising his Contributions to Knighfs Quarterly Magazine, Articles
contributed to the Edinburgh Review not included in his Critical and
Historical Essays, Biographies written for the Encyclopaidia Britannica.
Miscellaneous Poems and Inscriptions. 2 vols. 8vo. with Portrait, 21s.

147

THE REV. SYDNEY SMITH'S MISCELLANEOUS WORKS •

Including his Contributions to The Edinburgh Review. Fom- Edi-
tions, viz.

1. A Library Edition (the Fourth), in 3 vols. 8vo. with Portrait, 36s
2. Complete in One Volume, w. i Portrait and Vignette. Square crown

8vo. 21s.

Another New Edition, in 3 vols. fcp. 8vo. 21s.
The People's Edition, in 2 vols, crown 8vo. 8«.

Bij the same A%ithor.

ELEMENTARY SKETCHES OP MORAL PHILOSOPHY
deliveied at the Royal Institution. Fcp. 8vo. 7s.

'

THE WIT AND WISDOM OP THE REV. SYDNEY SMITH

:

A Selection of the most memorable Passages in his Writings and Con-
versation. 16mo. 7s. 6rf.
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ESSAYS SELECTED PROM CONTRIBUTIONS TO THE
Edinburgh Review. By Henry IIoqers. Second Edition. 3 vols. fcp.

8vo. 21s.

By the same Author.

THE ECLIPSE OP PAITH; or, A Visit to

Sceptic. Tenth Edition. Fcp. 8vo. 5«.

DEFENCE OP THE ECLIPSE OP PAITH, by its Author

:

Being a Rejoinder to Professor Newman's Reply. Fcp. 8vo. 3.*i. 6c/.

SELECTIONS PROM THE CORRESPONDENCE OP R. E.
H. 6EE7S0N, Esq. :^dited by the Author of The Eclipse of Faith.

Crown 8vo. 7«. 6rf.

ESSAYS AND REVIEWS. By tlm Eev. W. Temple,
D.D., Rev. R. Williams, B.D., Rev. B. FowKfx, M.A., the Rev. H. B.

Wilson, B.D., C. W. Goodwin, M.A., Rev. M. Pattison, B.D., and Rev.

B. JowETT, M.A. Fcp. 8vo. 5s.

ESSAYS AND EEVIEWS, Ninth Edition, in 8vo. price 10s. 6f/.

I'M)

REVELATION AND SCIENCE, in respect to Bunsen's

Biblical Researches, the Evidences of Christianity, and the Mosaic

Cosmogony. With an Examination of certain Statements put forth by

the remaining Authors of Essays and Reviews. By the Rev. B. W.
Savile, M.A. 8vo. 10s. 6d.

ISI

THE HISTORY OP THE SUPERNATURAL IN ALL
AOES AND NATIONS, IN ALL CHITBCEES, CHBISTIAN AND
PAOAN: Demonstrating a Universal Faith. By William Howitt,

Author of Colonisation and Christianity, &c. 2 vols, post 8vo.

[^Nearly ready.

m
THE MISSION AND EXTENSION OF THE CHURCH AT
HOME, considered in Eight Lectures, preached before the University

of Oxford in the yeai- 1861, at the Lecture founded by the late Rev. J.

Bampton, M.A. By J. Sandfokd, B.D., Archdeacon of Coventrj*. 8vo.

price 12s.

PHYSICO-PROPHETICAJ. ESSAYS ON THE LOCALITY
OF THE ETERNAL INHEBITANGE : Its Nature and Character ; the

Resurrection Body ; the Mutual Recognition of Glorified Saints. By
the Rev. W. Lister, F.G.S. Crown 8vo. 10s. 6d.
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BISHOP JEREMY TAYLOR'S ENTIRE WORKS :

Life by Bishop Hebkb. Revised and corrected by the Rev. C. P
Fellow of Oriel College, Oxford. 10 vols. 8vo. £'o. bs.

IS*

MOSHEIM'S ECCLESIASTICAL HISTORY. The .....
Dr. Muudock's Literal Trandation from the Latin, a.s ediied, with
Additional Notes, by Henry Soames, U.\. Third Itevised Edition,
carefully rt-edited and brought down to the Present Time by the Rev.
William StuBn-s, M.A., Vicar of Navestock, and Librarian to the
Archbishop of Canterbury. 3 vols. 8 vo. \ In the press.

15G

A COURSE OP ENGLISH READING, adapted to eveiy
taste and capacity

; or. How and Wlmt to Read : With Literary
Anecdotes.

8vo. 5

By the Rev. J. Pycroft, B.A. Trin. Coll. Oxon. 5 cp.

157

By the Author of
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PASSING THOUGHTS ON RELIGION.
Amy Herbert. New Edition. Fcp. 8vo. 5«.

Bij the same Author.

SELF-EXAMINATION BEFORE CONFIRMATION: With
Devotions and Directions for Confirmation-Day. 32mo. Is. Qd.

READINGS FOR A MONTH PREPARATORY TO CON-
FIBMATIOV : Compiled from the Works of Writers of the Early and
of the English Church. Fcp. 8vo. 4s.

READINGS FOR EVERY DAY IN LENT ; Compiled from
the Writings of Bishop Jeremy Taylor. Fcp. 8vo. 5s.

LEGENDS OF THE SAINTS AND MARTYRS, as repre-
sented in Cliristian Art. By Mrs. Jameson. Third Edition, revised

;

with 17 Etchings and 180 Woodcuts. 2 vols, square crown 8vo. 31s. Cd.

By the same Author.

LEGENDS OF THE MONASTIC ORDERS, as represented
in Christian Art. New and improved Edition, being the Third ; with
many Etchings and Woodcuts. Square crown 8vo. [Nearly ready.

LEGENDS OF THE MADONNA, as represented in Christian
Art. Second Edition, enlarged

; with 27 Etchings and 165 Woodcuts.
Square crown 8vo. 28s.

THE HISTORY OF OUR LORD AND OF HIS PRECURSOR
JOHN THE BAPTIST ; with the Personages and Typical Subjects of
the Old Testament, as represented in Christian Art. Square crown 8vo.
with many Etchings and Woodcuta. [/« the press.
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CATS' AND FABLIE'S BOOK OF EMBLEMS : Moral
Emblems, with Aphorisms, Adages, and Proverbs of all Nations : Com-
prising 60 circular Vignettes, 60 Tail-pieces, and a Frontispiece com-
posed from their works by J. Lkiohton, F.S.A., and engraved on Wood.
The Text translated and edited, with Additions, by R. Pigot. Imperial

' 8vo. 31s. 6(1.

ISO

BUNYAN'S PILGRIM'S PROGRESS: Witli 126 Illustra-

tions on Steel and Wood, from Original Designs by C. Bennett ; and a
Preface by the Rev. C. Kingsley. Fcp. 4to. 21s.

161

THEOLOGIA GERMANICA : Translated by Susanna
WiNKWORTH. With a Preface by the Rev. C. Kingsley ; and a Letter

by Baron Bcnsen. Fcp. 8vo. 5s.

163

LYRA GERMANICA. Translated from the German by
Catherine Winkwobth. First Serie3, Hymns for the Sundays and
Chief Festivals of the Christian Year. Second Series, the Christian

Life. Fcp. 8to. price 5s. each series.

HYMNS FROM LYRA GERMANICA. iSmo. u.

183

LYRA GERMANICA. First Series, as above, translated
by C. WiNKWORTH. With Illustrations from Original Designs by John
Leighton, F.S.A., engraved on Wood under his superintendence. Fcp.

4to, 21s.
164

THE CHORALE-BOOK FOR ENGLAND; A Complete
Hymn-Book for Public and Private Worship, in accordance with the

Serricefl and Festivals of the Church of England : The Htfmm from

the Lyra Germanica and other Sources, translated from the German by
C. Winkworth; the Tunes, from the Sacred Music of the Lutheran,

Latin, and other Churches, for Four Voices, with Historical Notes, &c.,

compiled and edited by W. S. Bennett, Professor of Music in the

University of Cambridge, and by O. Goldschmidt. Fqp, 4to. price

10». 6d. cloth, or IBs. half-bound in morocco.

105

HYMNOLOGIA CHRISTIANA: Psalms and Hymns for

the Christian Seasons. Selected and Contributed by Philhymnic
Friende : and Edited by Benjamin Hall Kennedy, D.D., Prebendaiy
of Lichfield. Crown Bvo. \^Just ready.
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LTBA SACRA ; Being a Collection of Hymns, Ancient and
Modem, Odes, and Fragments of Sacred Poetry ; compiled and edited,

with a Preface, by the Rev. li. W. Savile, M.A. Fcp. 8vo. i)S.

1C7

Christian Songs for Domestic Edifica-LTBA DOMESTICA

:

tion. Translated from the Psaltery and Harp of C. J. P, Spitta. By
Richard Ma.ssie. Fcp. 8vo. 4«. 6d.

IC8

THE WIPE'S MANUAL ; or, Prayers, Thoughts, and Songs

on Several Occasions of a Matron's Life. By the Rev. W. Calv:erT)

M.A. Ornamented in the style of Queen Elizabeth's Prayer-Book.

Crown 8yo. 10s. Gd.

169

HORNE'S INTRODUCTION TO THE CRITICAL STUDY
AND KNOWLEDGE OF THE HOLY SCRIPTURES. Eleventh

Edition, revised, corrected, and brought down to the Present Time.

With 4 Maps and 22 Woodcuts and Facsimiles. 4 vols. 8vo. £3. 13a. 6d.

Vol. I.—A Summary of the Evidence for the Genuineness,

Authenticity, Uncomipted Preservation, and Inspiration of the

Holy Scriptures. By the Rev. T. H. Korne, B.D. 8vo. 15s.

Vol. II. by Atre.—An Introduction to the Criticism of the Old

Testament and to Biblical Interpretation. Revised and Edited by

the Rev. John Ayre, M.A. 8vo. 25s.

Or

—

Vol. II. by Davidson.—The Text of the Old Testament con-

sidered : With a Treatise on Sacred Interpretation ; and a brief

Introduction to the Old Testament Books and the Apocrypha.

By S. Davidson, D.D. (Halle) and LL.D. 8vo. 25fi.

Vol. in.—A Summary of Biblical Geography and Antiquities.

By the Rev. T. H. Horne, B.D. 8vo. 18s.

Vol. IV.—An Introduction to the Textual Criticism of the New
Testament. By the Rev. T. H. Horne, B.D. The Critical

Part re-^v^itten and the remainder revised and edited by S. P.

Tregelles, LL.D. Second Edition. 8vo. 18s.

170

HOBNE'S COMPENDIOUS INTRODUCTION TO THE
STUDY OF THE BIBLE. Tenth Edition, carefully re-edited by the

Rev. John Athe, M.A., of Gronville and Caius College, Cambridge.

With 3 Maps and 6 Illustrations. Post 8vo. 9s.
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171

INSTRUCTIONS IN THE DOCTRINE AND PRACTICE
OP CHRISTIANITY. Intended chieny as an Introduction to Confir-
mation. By the Itight Kov. G. E. L. Cotton, D.D., Bishop of
Calcutta. 18mo. 2s. Gd.

171

THE TREASURY OF BIBLE KNOWLEDGE : Comprisin.r
a Summary of the Evidences of Christianity; the Prineiplea of Biblicd
Criticism; the History, Chronology, and Geography of the Scriptures;
an Account of the Formation of the Canon; separate Introductions to
the several Books of the Bible, &c. By the Kev. John Ayre, M.A.
Icp. 8vo. with Maps, Engi-avings on Steel, and numerous Woodcuts;
uniform with Maunder's Treasuries. INearly ready.

178

BOWDLER'S FAMILY SHAKSPEARE
; in wliich nothing

IS added to the Original Text, but those words and expres.sions ar°
omitted which cannot with propriety be read aloud. Cheaper Genuine
Edition, complete in 1 vol. large type, with 36 Woodcut Illustrations
price Us. Or, with the same Illustrations, in f, volumes for the
pocket, price 5s. each.

GOLDSMITH'S POETICAL WORKS. Edited by Bolton
Cornet, Esq. Illustratfed with numerous Wood Engravings, from
Designs by Members of the Etching Club. Square crown 8vo. 21s.

175

MOORE'S LALLA ROOKH. With 13 Plates, engi-aved on
Steel, from Original Designs by Corbould, Meadows, and Stephanoff.
Square crown 8vo. lbs.

TENNIEL'S EDITION Of'mOORE'S LALLA ROOKH.
With 68 Woodcut Illustrations, from Original Drawings, and 5 Initial

'

Pages of Persian Designs by T. Sulman, Jun. Fcp. 4to. 21s.

MOORE'S IRISH MELODIES. With 13 highly-finished
Steel Plates, from Original Designs by Eminent Artists. Square crown
8vo. 21s.

178

I

MOOKE'S POETICAL WORKS. People's Edition, completem One Volume, large type, with Portrait afler Phillips. Square crown
oTo. 12s. Qd.
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179

POETICAL WORKS OP LETITIA ELIZABETH LANDON
(L.E.L.) Comprising the Imj)rovisatrice, the Venetian Bracelet, the
Golden Violet, the Troubadour, and I'oetical Remains. New Edition

;

with 2 Vignettes. 2 vols. ICmo. 10s.

180

LAYS OF ANCIENT ROME ; with Jvry and the Armada.
By the Right Hon. Lord Macaulay. 16mo. 4s. Crf.

LORD MACAULAY'S LAYS OP ANCIENT ROME. Witli
Illustrations, Original and from the Antique, drawn on Wood by G.
Seharf. Fcp. 4to. 21s.

I'si

POEMS. By Matthew Arnold. First Series, Third
Edition. Fcp. 8vo. 5s. Gd. Second Series, 6s,

By the same Author.

MEROPE : A Tragedy. With a Preface and an Historical
Introduction. Fcp. 8vo. 5s.

182

SOUTHEY'S POETICAL WORKS; with all the Author's
last Introductions and Notes. Library Edition, with Portrait and
Vignette. Medium 8vo. 21s. ; in 10 vols. fcp. 8vo. with Portrait and
19 Vignettes, 35s.

By the same Author,

THE DOCTOR, &c. Complete in One Volume. Edited by
the Rev. J. W. Wauter, B.D. ,With Portrait, Vignette, Bust, and
coloured Plate. Scjuare crown 8vo. 12s. 6rf.

183

CALDERON'S THREE DRAMAS: Love the Greatest
Enchantment, The Sorceries of Sin, and The Devotion of the Cross,
attempted in English Asonante and other Imitative Verse, by D. F.
MacCarthy, M.R.I.A., with Notes, and the Spanish Text. Fcp. 4to. 15s.

A SURVEY OP HUMaS PROGRESS TOWARDS
HIGHER CIVmSATION: a Progress as little perceived by the
multitude in any age, as is the growing of a tree by the children who
sport imder its sliade. By Neil Arivott, M.D., F.R.S., &c. 8vo.
price Gs. 6rf.
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COLONIZATION AND COLONIES: Being a Series of
Lectures delivered before the University of Oxford in 18.'19, '40, and
41. By Hkuman Merivale, M.A., Professor of Political Economy,
becond Edition, with Notes and Additions. 8vo. 18«.

C. M. WILLICH'S POPULAR TABLES for Ascertaining the
Value of Lifol.old, Leasehold, and Church Property, Renewal Fines,
&c.

;
the I ubhc Funds; Annual Average Price and Interest on Consols

from 1731 to 1861; Chemical, Geographical, Astronomical, Trigono-
metrical Tables, &c. &c. Fiflh Edition, enhrged. Post 8vo. 10s.

THOMSON'S TABLES OP INTEREST, at Three, Four,
iour and a-Half, and Five per Cent., from One Pound to Ten Thousand
and from 1 to 365 Days. 12mo. 3s. Gd.

188

A DICTIONARY, PRACTICAL, THEORETICAL, AND
HISTORICAL, of Commerce and Commercial Navigation. By J R
M'CuLLOCH, Esq. Illustrated with Maps and Plans. New Edition'
containing much additional Information. 8,,. 50s,

'

By the same Author.

A DICTIONARY, GEOGRAPHICAL, STATISTICAL, AND
HI8T0EICAI, of the various Countries, Places, and priticipalNatural
Objects m the Worid. New Edition, rev ,ed ; with 6 Maps. 2 vols
8vo. 63s.

189

A MANUAL OP GEOGRAPHY, Physical, Industrial, and
Political. By William Hughes, F.R.G.S., &c., Professor of Geographym Queen's College, London. New and thoroughly revised Edition

:

with 6 coloured Maps. Fcp. 8vo. 7s. 6d.

Or, in Two Parts : Part I. Europe, 3«. 6d. ; Part II. Asia,
Africa, America, Australasia, and Polynesia, 4s.

Sy the same Author.

THE GEOGRAPHY OP BRITISH HISTORY : Compre-
hendmg a Geographical Description of the British Islands and tlie
Colonial Empire of Britain, treated historically, in successive periods,
from the eariiest times to the present day. Fcp. 8vo. -IMearly ready.
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A NEW BRITISH GAZETTEER; or, Topographical
Dictionary of the Britisli Inlands and Narrow Seas : Comprising concise
Descriptions of about 60,000 Places, Seats, Natural Features, and
Objects of Note, founded on the best Authorities. By J. A. Shaup.
2 vols. 8vo. £2. \{]s.

I

A NEW DICTIONARY OF GEOGRAPHY, Descriptive,
PhysKal, Suti.stical, and Historical: Forming a complete General
(Gazetteer of the World. By A. K. Johnston, F.R.S.E., &c. Second
Edition, revised. In One Volume of 1,360 pages, comprising about

' 50,000 Names of Places. 8vo. '60s.

193

AN ENCYCLOPiEDIA OP CIVIL ENGINEERING, His-
torical, Theoretical, juid Practical. Illustrated by upwards of 3,000
Woodcuts. By E. Cresy, C.E. Second Edition, revised and extended
8vo. 42s.

193

THE ENGINEER'S HANDBOOK ; explaining the Principles
which should guide the young Engineer in the Construction of
Machinery, with the necessary Rules, Proportions, and Tables. By
C. S. Lowndes, Engineer. Post 8vo. 5«.

194

USEFUL INFORMATION FOR ENGINEERS: Being a
First Series of Lectures 'delivered before the Working Engineers of
Yorkshire and Lancashire. By W. Fairbairn, LL.D., F.U.S., F.G.S.
With Plates and Woodcuts. Crown 8vo. 10«. 6rf.

Second Series: Containing Experimental Researches on the Collapse of
Boiler Flues and the Strength of Materials, and Lectures on subjects
connected with Mechanical Engineering, &c. With Plates and Wood-
cuts, Crown 8vo. 10s. 6c/.

By the same Author.

A TREATISE ON MILLS AND MILLWORK. Vol. I. on
the principles of Mechanism and on Prime Movers. With Plates and
Woodcuts. 8vo. 16s.

I9S

AN ENCYCLOP^DU OF ARCHITECTURF Historical,
Theoretical, and Practical. By Joseph Gwilt. With moi. than 1,000
Wood Engravings, from Designs by J. S. Gwilt. 8vo. 42s.

IDfi

LOUDON'S ENCYCLOPJEDU of Cottage, Farm, and
Villa Architecture and Furniture. New Edition, edited by Mrs. Loodow •

with more than 2,000 Woodcuts. 8vo. 63*.
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MODERN COOKERY POR PRIVATE PAMILIES, reduced

to a System of Easy Practice in a Series of carefully-tested lleceipts, in
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Newly revised and enlarged Edition; with 8 Plates, comprising 27

Figures, and 150 Woodcuts. Fcp. 8vo. 7j. Gd.

201

A PRACTICAL TREATISE ON BREWING, based on

Chemical and Economical Principles: With Formula; for Public

Brewers, and Instructions for Private Families. By W. Black. 6vo.
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ON FOOD AND ITS DIGESTION : Being an Introduction

to Dietetics. By W. Biunton, M.D., Physician to St. Thomas's Hos-

pital, &c. With 48 Woodcuts. PostSvo. 12«.

HINTS TO MOTHERS ON THE MANAGEMENT OP
THEIE HEALTH DUEING THE PERIOD OF PEEGNAHCY
AND IN THE LYING-IN ROOM. By T. Bull, M.D. Fcp. Svo. 5s.

Bi/ the same Author.
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HEALTH AND DISEASE. Fcp. Svo. '>a.

IN



d for t^tudoiits

ofesHor of Nutiiriil

figures on Wood.

TURES, AND
vith nearly 2,000

F.S.H., Keeper of

•men eminent in

i, y vols. 8vo.£l.

JOMY: Com-
ieted with IIouHe-

CES With nearly

LIES, reduced

tested lleeeipts, in

lent Writers have

By Eliza jS'jton.

;s, comprising 27

S'G, based on

mula; for Public

W. Black. 8vo.

11 Introduction

St. Thomas's Hos-

LOEMENT OF
F PBEOlfANCT
M.D. Fcp. 8vo. 5s.

SILDBEN IN

published by Mes»ra. Lonyman and Co.

LECTURES ON THE DISEASES OF INFANCY AND
CHILDHOOD. By Ciiaules Wkst, M.D., S:c. Fourth KtUtion, caro-

j

fully revised througliout ; with numerous iidditional Cas<'8, and u co])iou8
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THE PATENTEE'S MANUAL : A Treatise on the Law
and Practico of Letters Patent, e8j)ecially intended for the use of
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Po«t 8vo. It. C,(L

ane

THE PRACTICAL DRAUGHTSMAN'S BOOK OP INDUS-
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Fcp. 8vo. 6s.
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THE THEORY OF WAR ILLUSTRATED by numerous
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John Bouhne, C.E. Fifth Ediliou ; with 37 Plates and .^46 Woodcuts

(200 aew in this Edition). 4to. 42«.

Jiy th« same Author.

A CATECHISM OF THE STEAM ENGINE, in its various
Applications to Mines, Mills, Steam Navigation, Railways, and Agricul-

ture; with Practical Instructions for the Manufacture and Manage-

ment of Engines of every class. New Edition, with 80 Woodcuts.

Fcp. 8vc 68.

HANDBOOK OF FARM LABOUR: Comprising Labour
Statistics; Steam, Water, Wind; Horse Power; Hand Power; Cost

of Farm Operations; Monthly Calendar; Appendix on Boarding

Agricultural Labourers, &c. ; and Index. By John Chalukbs Mohton,

Editor of the Agricultural Gazette, &c. 16mo. 1«. 6rf.

By the same Author.

HANDBOOK OF DAIRY HUSBANDRY : Comprising
Dairy Statistics; Food of the Cow; Choice and Treatment of the
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Monthly Calendar of Daily Operations; Appendix of Statistics; and
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CONVERSATIONS ON NATURAL PHILOSOPHY. Wy
Jank Maiicet. nth Edition. With 84 Plates. Fcp. 8vo. 10«. 6«/.

Uy the mjne Author.

CONVERSATIONS ON CHEMISTRY. 2 Vols. fcp. 8vo. Us.
CONVERSATIONS ON LAND AND WATER. Fcp. 8vo.

5«. 6d.

CONVERSATIONS ON POLITICAL ECONOMY. I'cp. Hvo.

7«. 6rf.
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BAYLDON'S ART OP VALUING RENTS AND TILLAGES,
and Claims of Tenants upon Quitting Farms, at Iwth Michaelmas and
Lady-Day. Seventh Edition, enlarged. 8vo. 10». 6rf.

AN ENCYCLOPJEDIA OP AGRICULTURE: Comprising
the Theory and Practice of the Valuation, Transfer, Laying-out, Improve-
ment, and Management of Tended Property, and of the Cultivation and
Economy of the Animal and Vegetable Product ions of Agriculture. By
J. C. Loudon. With 1,100 Woodcuts. 8vo. 31». 6d.

By the same Author.

AN EKCYCLOPJBDIA OP GARDENING: Comprising the
Theoiy and Practice of Horticulture, Floriculture. Arboricidture, and
Landscape Gardening. Corrected and improved by Mrs. Loudon.
With 1,000 Woodcuts. 8vo. 3l3. 6J.

AN ENCYCLOPiBDU OP TREES AND SHRUBS : Con-
taining the Hardy Trees and Shrubs of Great Britain, Native and
Foreign, Scientifically and Popularly Described, With 2,000 Woodcuts.
8vo. 50».

AN ENCYCLOPJEDU OP PLANTS: Comprising the
Specific Character, Description, Culture, History, Application in the
Arts, and every other desirable Particular respecting ail the Plants
found in Great Britain. Corrected by Mrs. Loudon. With upwards of
12,000 Woodcute. 8vo. 1^3. 13.5. 6rf.
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THE CABINET LAWYER : A Popular Digest of the I^ws
of England, Civil and Criminal : Comprising also a Dictionary of Law
Term.s, Maxims, Statutes, and much other useful Legal Information. 19</j

Edition, extended by the Author ; with the Statutes and Legal Deci-
sions to Michaelmas Term, 24 and 25 Victoria. Fcp. 8vo. 10«. M.
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THE EXECUTOR'S GUIDE. By J. C. Hudson. New and
enlarged Edition, revised by the Author, Fcp. 8vo. 6s.

By the same Author.

PLAIN DIBECTIONS FOR MAKING WILLS IN CON-
FORMITY WITH THE LAW- New Edition, corrected and revised
by the Author. Fcp. 8vo. 2s. (yd.

ni

THE BRITISH FLORA : Comprising the Phasnogamous
or Flowering Plants, and the Ferns. 8th Edition, witli Additions and

,
Corrections; and numerous Figures engraved on 12 Plates. By Sir

W. J. Hooker, K.H., &c. ; and G. A. Walker-Arnott, LL.D., F.L.S.
12mo. 14«. ; with the Plates coloured, 21a.

311

BRYOLOGIA BRITANNICA : Containing the Mosses of
Great Britain and Ireland, systematically arranged and described
according to the metliod of Bruch and Schimper ; with 61 illustrative

Plates. By William Wilson. 8vo. 42s. ; or, with the Plates coloured,

price £4. is.

313

HISTORY OF THE BRITISH FRESH-WATER ALGiB

:

Including Descrij-tions of the Desmidcae and DiatomaceiB. By A H.
Hassall, M.D. With 100 Plates of Figures. 2 vols. 8vo. £l. 15».

By the same Author.

ADULTERATIONS DETECTED ; or, Plain Instructions for
the Discovery 6f Frauds in Food and Medicine. By Arthur HitL
Hassall, M.D. Loud., Analyst of The Lancet Sanitary Commission.
With 225 Woodcuts. Crown 8vo. 17s. 6c/.

•m

CORDON-TRAINING OF FRUIT TREES, Diagonal, Vertical,
Spiral, Horizontal, adapted to the Orchard-House and Open-Air Culture.
By Rev. T. Collings BKiHAOT. Fcp. 8vo. with Woodcuts, Ss. 6rf.

33&

THE THEORY AND PRACTICE OF HORTICULTURE;
or. An Attempt to Explain the Principal Operations of Gardening upon
Physiological Grounds. By J. Lindley, M.D., F.R.S., F.L.S. With
98 Woodcuts. 8vo. 21s.

By the same Author.

AN INTRODUCTION TO BOTANY. New Edition, revised
and enlarged ; with 6 Plates and many Woodcuts. 2 vola. 8vo. 24«.
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THE ROSE AMATEUR'S GUIDE: Containing ample
Descriptions of all the fine leading varieties of Roses, regularly classedm their respective Families; their History and Mod-, of Culture By
Thomas Rivers. Seventh Edition, Fcp. 8vo. 4».

287

THE GARDENERS' ANNUAL FOR 1863. Edited by the
Rev. S. Reynolds Hole. With a coloured Frontispiece by John Leech
Fcp. 8vo. 2s. Qd.

328

THE TREASURY OP NATURAL HISTORY ; or, Popular
Dictionary of Zoology : in which the Characteristics that distinguish the
different Classes, Genera, and Species are combined with a variety of
interesting information iUuf -tive of the Habits, Instincts, and General
Economy of the Animal Kingdom. By Samuel Maunder. With above
900 accurate Woodcuts. Fcp. 8vo. 10s.

By iho same Author.

THE 8CIENTIPIC ANL LITERARY TREASURY: A
Popular Encyclopedia of Science and the Belles-Letli-es ; including all
branches of Science, and every subject connected with Literature and
Art Fcp. 8vo. 10s.

THE TREASURY OP GEOGRAPHY, Physical, Historical,
Descriptive, and Political ; containing a succinct Account of every
Country in the World. Completed by William Hughes, F.R.G.S.
Witii 7 Maps and 16 Plates. Fcp. 8vo. 10s.

THE HISTORICAL TREASURY : Comprising a General
Introductory Outline of Universal History, Ancient and Modem, and a
Series of Separate Histories of eveiy principal Nation. Fcp. 8vo. 10s.

THE BIOGRAPHICAL TREASURY: Consisting ofMemoirs,
Sketches, and Brief Notices of above 12,000 Eminent Persons of All
Ages and Nations. 12th Edition. Fcp. 8vo. 10s.

'

THETREASURY OP KNOWLEDGE AND LIBRARY OP
KEFEBBirCE: Comprising an English Dictionary and Grammar, a
Universal Gazetteer, a Classical Dictionary, a Chronology, a Law Dic-
tionary, a Synopsis of the Peerage, useful Tables, &c. Fcp. 8vo. 10s.

Uniform with the above.

THE TREASURY OP BOTiLNY. By Dr. J. Lindley.
[/» the press.

THE TREASURY OP BIBLE KNOWLEDGE. By Eev
J. Ayre, M.A. |-7„ the press.
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Pki'lip*'* Introduction to Mineralogy IOC
/h'l-Me'r Art of Peifumery 134

/fene'« Chemical Wonders 134
Pie***'* Chemical and Natural Magic 134
A'i«fr(iir«Jti'( Siberian Kiile 5
Porson's Life, by Watton 33
Practical Mechanic's Journal 307
Problems in Htynan Nature 139
Pyerofl'* Ei.glish It?ading 136

fianJk«H'( Canada and the Crimea 75

Record of International 2xhit)iti\>n 308
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Rhind't Ttiebet 71
/iikAV Roman and Gr«ek AntiqnUlei 41
Iliftrt'i Koie Amateur's Ouide 394
Rogert't Eaaiiys |4g
Rogel't Kng:liah Thetanriu $7
Oomanceora Dull Life IS9
nonmUi'i Ply-Fiaher m
RowtoH'i Debater 61

StHdbg'* Royal Academy 30
HaHil/ord't liampton L«cturea 153
Satile on Revelation and Science. 150
AurA.tr on Projection of Sphere 313
Sa*bf on Study of Steam 313
HeafftrHoa Prnjectilru 91.
SMit't l.«ctnres on the Fine Arti SI
Jieo/r* Voluraetrical Analyais 100
Serope on Volcanoea gc
>S'«weU'( Ancient Hiatory 43
Smeells Early Church 41
Sewelt't fftuinc Thouchta on Relifion.... 157
SemtW* S^-ir-Bxamfnation for Conflrmalion 157
Hewell'i Reartinira for Confirmatlbn 157
HeweU't Readinara for Lent |J7
SewelPt I mpresaiona of Rome, Ice 81
Simcll't 8tor'ea and Talea 140
Sturp't ilritiih Giuetteer igo
Short Whiat lao
Sidney's (Sir P.) Ufe, by Llofil 3S
Smith't (J.) St. Paul'a Shipwreck 4^
Smitk't (G.) Wesleyan Methodism 47
Social Life in Australia go
-Somlkeji'i Poetical Work isi
Stmt^eji't Doctor igj
8(e;>JI«a'« Esssys ',

114
Sttpkm'$ Lecinres on the History of France 141
Stepbrnson's Uft, by Jecffflretoti and Polt.. 35
'Stonehenxe* on the Doe 193
* Stonehenre' on the Greyhound |9J
Strickland't Queens of KoirUnd 30
HtdHey Kmltk't Works 147
SjrAwj, SmUh't Moral PhlloMphy '.'.'.

147

No.
Tate on Strenirth of Msterials i)«
Tatlor'M (Jeremy) Works 154
rennenl't Ceylon ng
Tennenfi Naturn] History of Ceylon ||g
Tlieolo/ii Germanics |g|
THrlieair* Greece 17
Thomton'e interest Tables ig?
Tkmnsm't l>aws of ThouKht 91
TAm/vp'* A nftlo-Saxon Home tg
Toild'e Cycloi>cilia of Anat. and Phyalology 91
tVo/lope'e Warden ',

igo
TraVnpfi Barchester Towers )<it

TwUi'e Law of Nations 10
TyHdiill on Heat 94
TgndalP* Hountaineeriofr 87

UreU Dictionary of Arts, Manufactures,
and Mines... igg

Villari'e History of Saronarola sj

Warhnrton's Life, by Walton SS
Warler't (.ast of the Old Squires isg
IVnttt'i Dictionary of Chemis'ry gg
Webb't Celi^tisl ObJecU nO
Wehiter »n<\ Parket'e Domestic Economy.. Itg
Weliiniftnn's Life, by Gleig 35
Wecley's Life, by jronf/Uy 4t
W'eet on Children's Diseases 304
n'Mte a>id Riddle'e Latin Dictionary 53
WiUon'i Br>oloi!ia Britannica %'<%

WUIiah'e Popular Tables ...^ |«6.
Wit and Wiidnm of Sydney Smith......... 147
Woodoard'e Clironol<H(ic«l and Historical

Bncyrlopsdia |g
Woruu on the B>rtb's Motion 9s
Wjindham't Norway ,. jg

Yimgf'i Rnelish-Grrek Lexicon gj
Yoiiatfe wiirU on the Horse ,.., m
Tonatt'i work 00 the DOf ,.., J3i
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